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A brief study of the joints in part of central and southeastern Oklahoma leads to 
several interesting conclusions, chief of which are the following: (1) The Ouachita 
Mountains, as manifested at the present surface, were probably formed after middle 
(Oklahoma) Permian time. This increases their well-known resemblance to the Appa- 
lachian Mountains. (2) A prominent joint-system in the Central Plains of Oklahoma 
radiates fanlike from the Ouachita Mountain arc. Its origin was doubtless due to the 
mountain orogeny. (3) The individual, short faults of the so-called “en échelon fault 
belts” of the Central Plains correlate very closely in strike with the outstanding joint 
system. This seems to tie the genesis of these faults to the Ouachita Mountain diastro- 
phism more closely than hitherto recognized. (4) A tentative general conclusion is 
stated as to the probable sequence of jointing and folding where the sedimentary beds 
have been mildly folded. 


I. INTRODUCTION 

If the joints in a region have a systematic arrangement, it should 
be brought to light by studies at a large number of separate stations, 
provided that the distances between these stations are small com- 
pared to the size of the area covered. On the basis of this assump- 
tion, 106 localities in southeastern and central Oklahoma were 
visited and joints measured. For the most part the stations were 
located in fresh road-cuts and quarries, for it was soon found that 
weathered outcrops of even the most resistant rocks seldom yielded 
measurements of the desired accuracy. Three kinds of data were 

‘ Published with the permission of the director, Oklahoma Geological Survey. 


729 








730 FRANK A. MELTON 


collected at each station: (1) strike and dip of the bedding, (2) strike 
and dip of a sufficient number of joints to constitute a representative 
sample, and (3) the horizontal projection as well as the angle of 
plunge of slickensides or striae. Faults were noted as distinct from 
joints, but many were soon found to fall in the same categories as 
the joint-systems. In the following illustrations small faults are in- 
cluded as joints. No striated surfaces of major fault planes were 
seen. 

The measurements are admittedly very scattered over the area 
examined. Nevertheless, a surprising number of conclusions can be 
drawn with some confidence. The desirability of further field study 
is recognized. The writer is indebted to Mr. Bird Swan for his 


enthusiastic help in the field and office. 


II. PRESENTATION OF STRIKE RELATIONS 

The relative positions of the major structural units of Oklahoma 
are shown in Figure 1. The Ouachita and Arbuckle (A) mountains 
are both folded and faulted in a complex manner, though they are of 
strikingly different types. The broadly curving faults of the Ou- 
achita Mountains are supposedly of the low-angle overthrust type 
and have no counterpart in the Arbuckle Mountains. It is note- 
worthy that the faults and closed folds of these two mountain sys- 
tems do not intersect at the surface. This point of intersection is 
covered by the Lower Cretaceous sediments which overlap from 
the south. For this reason it has not been obvious that one moun- 
tainous folding was earlier, later, or contemporaneous with the other. 
Old Paleozoic rocks occupy the greater part of the area of the Ar- 
buckle Mountains, and Mississippian and earliest Pennsylvanian 
rocks the greater part in the Ouachita Mountains. 

The Open Fold Zone skirting the Ouachita Mountains includes 
the area characterized by alternating anticlines and synclines with 
dips ranging from 5 to 30 degrees. The folds gradually become less 
prominent toward the north and northwest, and are merged with the 
flat bedding of the Central Plains, where the westward dip is in gen- 
eral less than a degree. The eastern side of the Permian (Ana- 
darko) syncline is indefinite and consists of the gently westward- 


dipping monoclinal sediments of Central Oklahoma. The southwest 
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flank of the Permian syncline is marked by northeast dips as great 
a as 5 degrees. 


The well-known “belts” of en échelon faults in the upper part of 
the Pennsylvanian strata are shown in the Central Plains area. It is 
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The major structural units of Oklahoma. The Arbuckle Mountains (A), 
the Ouachita Mountains, the Permian (Anadarko) basin, the Mississippian rocks of 
the southwestern part of the Ozark Dome, and the “‘belts’’ of en échelon faults in the 


Central Plains are shown. The rotation of beds by folding and their displacement by 


faulting have been much more intense in the Ouachita Mountains than in the Open 
Fold Zone of the same system 


Note the trend of the individual faults in the en échelon 
“belts” 


and compare with the joint systems of Figures 2 and 3 


noteworthy: (1) that the “‘fault-belts” are practically coincident 


with the strike of the westward-dipping strata, (2) that the strike 


of the individual faults is toward the northwest, and (3) that there 
is a perceptible change in strike of these individual faults from a 
modal value of N. 30 


40° W. at the south end of the “belts” to 








NS 


FRANK A. MELTON 


~ 
Ww 


N. 20°-30° W. at their extreme north end. This change of strike 
appears to be gradual. The southwestern extension of the broad 
Ozark Dome is manifested in northeastern Oklahoma by an area of 
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Fic. 2.—The location of about 80 per cent of the stations where joints were meas- 
ured is here shown. An analysis of the strike of the joints measured at each station 
is shown by appropriately directed vectorial lines. The length of each line is pro 
portional to the number of joints at that station with the indicated strike. The 
vector scale is given. Note that in the Open Fold Zone of the Ouachita Mountains and 
in the Central Plains two dominant systems of joints in general form an obtuse 
angle pointing southwestward. The most prominent system radiates fan-wise from the 
structural center of the Ouachita Mountains. In the Central Plains this system, 
where measured, strikes from N. 35° to 45° W., and correlates closely with the strike 
of the individual faults of the en échelon fault ‘‘belts.”’ 


gently dipping and comparatively resistant Mississippian limestone. 
For further details of Oklahoma geology, the reader is referred to the 


geological map of the state. 


Figure 2 shows the location of about 80 per cent of the stations 
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where joints were measured. On a map drawn to this scale it is 


necessary to omit some of the stations to avoid confusion. At each 
station the strike of the measured joints is shown by appropriately 
directed lines, the lengths of which indicate the percentage of the 
joints measured at that station having the indicated strike. The 
length chosen to represent 100 per cent of the joints at a station is 
shown by the lower scale in the figure. It should be noticed especial- 
ly that the strikes are those to be found in the field, both in the 
mountains and plains, in contrast with the rotated joint positions 
discussed later. 

The following points are indicated: 

a) In the outermost rim of the Ouachita Mountains, in the Open 
old Zone, and in the Central Plains, two dominant joint-systems in 
general form an obtuse angle pointing to the southwest. The most 
prominent system in point of number of joints measured, and in the 
nicety of the correlation which it permits with the structural units 
of Oklahoma, radiates fanwise from the center of the Ouachita 
Mountains. In the central part of Oklahoma this system strikes 
from N. 35° to 45° W., and the modal value is about N. 37° W. Near 
the eastern border of the state in the Open Fold Zone this system 
strikes more nearly north, and a gradation in strike in an east-west 
direction may be seen. In conformity with the fan-shaped arrange- 
ment a small change in the strike of the system may also be detected 
along a north-south line in the Central Plains. It is noteworthy 
that the strike of this system correlates very closely with that of the 
individual faults of the en échelon fault “belts” in the Central Plains. 
It varies from place to place in the same sense. 

The other prominent system is second to the first in number of 
joints measured and strikes N. 50°--80° E. Within 100 miles of the 
mountains, at all events, it shows a lower degree of systematic ar- 
rangement than the prominent radiating system. Other groups of 
joints may be seen clustered in various positions about the two 
systems just mentioned. They are of minor importance in respect 
to numbers. 

b) In the core of the Ouachita Mountains the observations were 
very inadequate and inconclusive, but the results are not discordant 
with those of the Open Fold Zone and Central Plains. 
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In Figure 3 the measurements shown in the Central Plains are 


indentical with those in Figure 2. The strikes are the same as those 


measured in the field. At all stations where the dip of the beds is 


greater than 5 degrees, however, the strata have been rotated back 
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Fic. 3.—The joint-vectors shown in the Central Plains are the same as in Figure 2. 











At all stations where the bedding dips more than 5°, however, it has been rotated back 


to the horizontal position around the line of its strike. The joints have been rotated 


an equal amount in the same direction around the same line. To the extent that the 


joints were formed before folding and faulting their original positions have been 


restored (see text). In the Open Fold Zone the coincidence of these strikes with those 


of the same joints in the unrotated positions (Fig. 2) is striking. 


around their line of strike, together with the included joints, to the 


horizontal position. Thus the measurements at all stations in the 


mountainous area and the Open Fold Zone have been changed by 


restoring the presumably original flat position of the beds. Care was 


taken to rotate in the proper sense to avoid overturning. It was as- 











ne 


—— 








JOINT-SYSTEMS OF OKLAHOMA 


sumed for the purpose of investigation that the joints and small 


faults were formed before the beds were noticeably folded, and so 
these various planes were also rotated a like number of degrees in 
the same sense. This kind of rotation of some 4,000 joint planes 
would constitute a formidable problem were it not for the Wulff net— 
a stereographic projection of a hemisphere of reference (Fig. 4). The 
reason for this operation and the degree to which it was justifiable 
will be apparent after reading the remainder of this article. 





Fic. 4.—The Wulff net—a stereographic projection of a hemisphere of reference 
‘ 

The strikes and percentages in the Ouachita Mountains seem to 
be much as before rotation, notwithstanding that here the amount 
of rotation was usually greater than 45°. In the Open Fold Zone and 
in the extreme outer rim of the mountains especially is the similarity 
between Figures 3 and 2 to be noticed. The same two dominant 
joint-systems are almost unchanged in strike and numerical value. 
Their relation to the systems of the Central Plains is as obvious as 
before. In this connection also compare Figures 6 and 8. 

The position of the prominent radiating joint-system in relation 
to the curving arc of the faults and folds in the Ouachita Mountains 
suggested that it represented the direction in which the relative 
movement occurred, and hence the direction in which the compres- 
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sional forces were manifested. To obtain further knowledge of the 
reality of this correlation, the horizontal projections of slickensides 
were carefully measured wherever they could be found, in the belief 
that the median of a large number of such measurements would 
show rather accurately the true direction in which these forces had 
operated. About fifty such measurements were made at localities 
irregularly scattered through the Ouachita Mountains, a summary of 
which is shown by Figure 5. On account of the short distances be- 
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Fic. 5.—The horizontal projections of striae on more than fifty small faults were 


measured. This is a summary of their direction of strike. These lines cluster about a 
median value of about N. 45° W. and lend weight to the assumption that the radiating 
system of joints reveals the direction of the force which folded and faulted the moun- 


tains. They are not vectors as in Figures 2 and 3 


tween many of these measurements, some were omitted. This figure, 
however, does not distort the meaning of the complete map. The 
strikes cluster approximately about a direction N. 40° W., and tend 
to lend weight to the assumption that the radiating system of joints 
reveals the direction of the relative movement and hence of the 
compressing force (or force-component) which folded and faulted 
the mountains. Reservations must be made, however, regarding the 
significance of Figure 5, since the measurements are largely confined 
to the western part of the exposed Ouachita Mountains. 


Ill. THREE-DIMENSIONAL DATA 


If a plane is passed through the center of a sphere of reference, 


its trace on the surface of the sphere will be a great circle. But if a 
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line be erected perpendicular to this plane at the center of the sphere, 
it will pierce the spherical surface at a point which is as character- 
istic of the given plane as the great circle. It is convenient in present- 
ing the spatial positions of a joint-plane to use this perpendicular 
line and its trace on the spherical surface. This point is called the 
“pole” of the joint-plane. 











JI 


lic. 6.—Stereographic projection of the poles of joints measured in the Central 
Plains of Oklahoma. The center of the concentric circles represents the projection of 


e zenith, while the outermost circle represents the horizon. Most of the poles are 
plainly within 10 degrees of the horizon, and hence their joints are nearly vertical. The 
poles are chiefly clustered in the northeast and southwest quadrants; their joints thus 
trike northwestward. The bedding at all these stations dips less than 5 degrees 


isually less than 1 degree 


In Figure 6 projected stereographically are shown the poles of 
the joints measured in the Central Plains. The bedding at all of these 
stations departs from horizontality by less than 5 degrees, and in 
most cases by less than 1 degree. The majority of poles are within 
10 degrees of the horizon, and all but a few are less than 20 degrees 
above the horizontal plane. The great majority of joint-planes are 
hence nearly vertical. Since most of the poles are found in the north- 
east and southwest quadrants, it is obvious that most of the meas- 
ured joints strike to the northwest. This is in harmony with the 


data shown in Figures 2 and 3. Every effort was made in the field 
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to be strictly impartial in the measurement of joints. The writer 
does not maintain that there actually is a larger number of joints 
striking northwestward than northeastward. The longer, smoother, 
and hence more obvious, northwest system may easily have been 
unintentionally favored because these joints are more readily found. 

Figure 7 gives the true (unrotated) joint positions in the Open 
Fold Zone of the Ouachita Mountains. The total number of joints 
measured is smaller than in the case of the Central Plains, but it is 











Fic. 7.—Stereographic projection of the poles of joints in the Open Fold Zone of 


é 
the Ouachita Mountains. The positions shown are the true unrotated positions (cf. 
Fig. 8). A large percentage of poles is well above the horizon, and the corresponding 


joints are a similar number of degrees from the vertical 


apparent that a high percentage departs from the vertical position 
by from 1o to 40 degrees. Somewhat less than half of the joints 
shown are practically vertical, their poles being on the horizon; but 
with few exceptions these joints strike N. 20°-30° W. This strike is 
approximately perpendicular to the axes of the folds in the area. 
Rotation of beds (and joints) around these axes has not changed the 
position of those joint planes, initially vertical, which had strikes 
normal to the axis of rotation. 

A comparison should be made between Figure 7 and Figure 8, 
as the latter shows the rotated positions of the joints in the Open Fold 
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Zone. The bedding has been rotated back to the horizontal position 


which it earlier had, with the result that the great majority of the 
joints, with whatever strike, are brought within 10 degrees of the 
vertical position. This is to be expected in any case involving break-- 
ing of thin but extensive brittle sheets near the surface and under 
slight compressive stress, since it is well known that such sheets can 
break only along planes nearly perpendicular to the bounding sur- 
faces. Where rocks under great cubical compression are cut by 











Fic. 8.—Stereographic projection of the poles of joints in the Open Fold Zone of 
the Ouachita Mountains, as they would appear if the bedding at each station of observa- 
tion were rotated back to the horizontal position around the line of strike. The joints 
were rotated an equal amount around the same line in the same direction. Compare 


with Figure 7. Most of the poles have been brought close to the horizon 


joints, however, surfaces of discontinuity such as bedding planes are 
less effective in determining the position of these joint-planes. In the 
Open Fold Zone the measured joints gave every indication of having 
been formed under great constraint, and their common attitude so 
nearly perpendicular to the strata is thought therefore to date their 
origin as prior to most of the folding. 

Figures g and 10, respectively, show the measured and rotated 
positions of the joints in the Ouachita Mountains. Again most of 
the joints are brought by rotation to a position within 10 degrees 
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Fic. 9 Stereographic projec tion of the true unrotated positions of the pole sin the 
Quachita Mountains. The attitude of the poles and hence of the joints is highly vari 


able. Compare with Figure 1 








F'1G. 10.—Stereographic projection of the poles of joints measured in the Ouachita 
Mountains, as they would appear if the bedding were rotated back to horizontality 
around the line of strike. Joints were rotated with the bedding. While most of the 


poles are seen to lie near the horizon, many do not. Compare with Figure 9 
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of the vertical. A considerable number, however, still show a large 


angle of hade, and one must conclude that much jointing probably 
took place here after the initial folding. In an area as complex as 
these mountains, this is only to be expected. Near the prominent 
overthrust faults several episodes of displacement and jointing have 
doubtless occurred. 





1G. 11.—Poles of joints in the Open Fold Zone of the Ouachita Mountains as they 
would appear if the bedding at each station were rotated back to the horizontal position 
und the line of its strike, and again retated around a vertical line until all strike lines 

f the bedding coincide in the VS line of the figure Joints were rotated with the bed- 


ding without exception. The poles, and hence the joints, obviously cluster about the 


ine of strike of the bedding and about a horizontal line at right angles to the strike. 


Measurements are too sparse to justify more than a tentative generalization 


Interesting conclusions of a general nature are revealed by 
Figure 11. Here the rotated joints of the Open Fold Zone, as shown 
in Figure 8, have again been rotated, this time about a vertical axis, 
until the line of strike of the bedding of all stations coincided with 
the north-south line of the figure. In this way the distribution of 
joints, with respect to the line of strike of the bedding and to another 
line at right angles, is illustrated. The clustering about the opposite 
ends of these two mutually perpendicular horizontal lines is rather 
marked. A similar illustration showing the twice-rotated joint posi- 
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tions for all the Ouachita Mountain stations (Fig. 12) does not show 
the same correlation with the two perpendicular lines. 

If the striae on fault planes be extended above the horizontal 
plane until they pierce the sphere of reference, the stereographic 
projection of this sphere will resemble Figure 13. As most of the 
points are in the northwest and southeast quadrants, this adds 
weight to the tentative conclusions drawn from Figures 3 and 5, 








l'iG. 12.—Stereographic projection of joint-poles in the Ouachita Mountains twice 


rotated, as were the poles in’'Figure 11. The poles do not cluster about the two mutually 


perpendicular horizontal lines as in the case of the Open Fold Zone. 


that the radiating system of joints reveals the direction of the hori- 
zontal component of the relative movement, and hence the horizon- 


tal component of the compressive force. 


IV. SUMMARY OF CONCLUSIONS 

a) The radiating joints in the Central Plains cut strata at least 

as high as the middle of the Oklahoma Permian section. Field work 
has been insufficient to determine whether the uppermost Permian 
beds are involved or not. Strata which are commonly referred to the 
latter part of the Pennsylvanian period lie across the folded and 
deeply eroded old Paleozoic beds of the Arbuckle Mountains with a 
profound unconformity. These and the overlying lower Permian 
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strata are cut by the northwest joint-system, hence that part of the 


Ouachita Mountain folding which caused the jointing is of a much 
later origin than the Arbuckle folding. The former occurred at least 
as late as the time during which the beds near the middle of the 
Oklahoma Permian section were deposited, while the latter took 
place near the middle of the Pennsylvanian period. It seems reason- 
able to suppose that the diastrophic movement which caused this 











Fic. 13.—Stereographic projection of the striae on small fault planes in the western 
part of the Ouachita Mountains. This figure, together with Figure 5, lends weight to 
the assumption that the radiating system of joints shown in Figures 2 and 3 reveals the 
direction of compressive force in the mountains. Reservation must be made, however, 
regarding the significance of this figure since the measurements are largely confined to 
the western part of the exposed mountains. 


jointing was the first strong compressional movement in the forma- 
tion of the Ouachita Mountains. At all events, the kind and degree 
of jointing nowhere was seen to change abruptly at any of the 
stratigraphic horizons in the lower Permian or Pennsylvanian strata, 
as should be expected if there were earlier compressional movements, 
and if the diastrophism which caused the post-middle-Permian 
joints was merely a late episode in a series of such movements. On 


“c 


the contrary, a gradual change seems to take place in the ‘‘smooth- 


ness” of the radiating joints as they are traced northwestward. Like- 
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wise a post-Jurassic doming of the Ouachita Mountains can definite- 
ly be excluded as a cause of the radiating joint-system for several 
reasons. One of these is the observational fact that Lower Cre- 
taceous rocks south of the mountains are not jointed in the same 
way. 

b) The northwest joint-system in the Central Plains corre 
sponds very closely in direction to the individual faults of the en 
échelon “belts” both in central and in northern Oklahoma. If there 
is any discrepancy at all, it is less than 5 degrees. Furthermore, the 
individual faults show the same kind and approximately the same 
amount of radial variation that the joints in this area show. This 
points to the Ouachita Mountain diastrophism as the cause of the 
faults as well as the joints. The writer does not undertake to dis- 
cuss at present the question of the possibility or probability of the 
existence of other subsurface conditions which may have been 
influential in localizing the faults. 

These facts tend to discredit the hypothesis advanced by Fath,' 
and modified by others,’ that the “‘belts’’ have arisen over deep- 
seated master-faults with a north-south strike in the underlying 
pre-Cambrian rocks, in consequence of a predominantly horizontal 
movement along them. Moreover, the practically exact alignment of 
these ‘‘belts’’ with the strike of the bedding strongly suggests that 
detailed mapping on thin persistent strata has brought certain faults 
to light, and that many others are concealed in the thicker clastic 
formations of central Oklahoma, remaining undiscovered and per- 
haps undiscoverable for this reason. It appears that the true ar- 
rangement of these faults is probably in elongate clusters rather 
than belts, though some belts may exist. 

Merritt and McDonald’ assumed with Fath, that the buried pre- 

t A. E. Fath, ‘The Origin of the Faults, Anticlines, and Buried ‘Granite Ridge’ 
of the Northern Part of the Mid-Continent Oil and Gas Field,’’ U.S. Geol. Survey, Pro- 


fessional Paper No. 128 (1921), pp. 75-85. 


2 Lyndon L. Foley, “Origin of the Faults in Creek and Osage Counties, Oklahoma,” 
Bull. Am. Assn. Petroleum Geologists, X (1926), 293-303. J. W. Merritt, and O. G. 
McDonald, “Oil and Gas in Creek County, Oklahoma,” Oklahoma Geol. Survey Bull. 
jo-C (1926), pp. 12-35. A. I. Levorsen, “Geology of Seminole County,’’ Oklahoma 
Geol. Survey Bull. 4o-BB (1928), p. 31 


Op. cil., p. 25, Fig. 5-D. 
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Cambrian crystalline complex in the Central Plains is crossed by 
+ master-faults or shear zones striking north-northeastward, or parallel 
to the strike of the Pennsylvanian strata. They clearly recognized 


the southeast compression from the Ouachita Mountains as have 
others.’ In their opinion it set up a shearing motion along these 





northeastward-treading buried faults, the east side moving north- 
ward with respect to the west side of each,fault. This displacement 
along the master-faults was supposed to cause jointing in the over- 
lying Pennsylvanian strata according to the principles of the strain 
ellipse, so that tension joints striking northwestward and compres- 
sion “folds” trending to the northeast appeared. Thus, by a theo- 
retical excursion into the deeper parts of the crust, northwest joints 


were derived from a northwestward-moving compressional force. 
P lhe writer believes it is unnecessary to postulate this intermediate 


horizontal movement along the buried faults, assuming that they 
exist in the necessary numbers to cause the observed surface-faulting. 
[his hypothetical intermediate step in the process can _prob- 
ably be dropped permanently from view. It seems that in this region 
horizontal compressional forces have caused joints, and in certain 
places (the distribution of which is not yet fully understood) faults, 
to appear having strikes nearly in line with the direction of the 
force.’ 

c) The approximate correspondence of the median direction of 
the horizontal projections of slickensides in the western part of the 
Ouachita Mountains to the radiating joint-system in the same part 
of the mountains and in the Central Plains shows rather definitely, 
it is believed, the direction of the horizontal component of the com- 
pressing force. This force, it is true, may be a component of a larger 
more deeply seated force, or it may be the resultant of several smaller 
ones. This conclusion must obviously be restricted to the western 
part of the Ouachita arc. 

d) In the Open Fold Zone, where the structural conditions are 


tW. T. Thom, Jr., Amer. Assn. Petroleum Geologists, X, Part I (1926), p. 301. 
E. L. Ickes, Amer. Assn. Petroleum Geologists, X, Part II (1926), 


727-20. 
2 'To avoid confusion it should be emphasized that the writer does not wish to state 
that the radiating system is either a compressional or a tensional system as the terms 


are commonly used in structural geology. 











746 FRANK A. MELTON 


fairly simple, the “‘double-rotation” of the beds, first, to the hori- 
zontal position around the line of strike, and, second, around a 
vertical axis bringing all strike lines to the same (north-south) posi- 
tion, reveals a definite correlation of the joints with the strike of the 
bedding (Fig. 11). Summarizing the very limited data in this regard 
for the sake of clearness, the following sequence of events probably 
occurred: : 

Two systems of nearly vertical joints formed with the initial 
compressive forces. One of these systems extended in the direction 
which was to become the line of strike of the folds and to a major 
extent of the tilted beds. The other system developed practically at 
right angles to the former sirike system and may be called the dip- 
system. As folding of the beds progressed, the strike-system was per- 
haps enlarged by further breaking. The earlier strike-joints were 
rotated from the vertical, but of course maintained their position at 
right angles to the plane of the bedding. The dip-system, being 
vertical to start with, and being rotated around a line essentially at 
right angles to it, did not appreciably change its attitude but con- 
tinued to remain a vertical system of joints striking about 90 degrees 
from the mean line of strike of the bedding. Near the axes of sharply 
plunging folds the foregoing simple relations between the two joint 
systems and the strike and dip of the bedding do not hold. 

e) The Jurassic-Cretaceous peneplain in eastern Oklahoma and 
Arkansas is found to section practically the entire Paleozoic group 
of rocks from Permian to Cambrian. The westward-dipping Paleo- 
zoic strata were deeply eroded before the early part of Comanchean 
time. These facts, together with the evidence presented in this 
article, point to a differential relative elevation in eastern Oklahoma 
and surrounding regions far to the north and south in post-middle- 
Permian and pre-Jurassic time, giving the strata of the Central 
Plains that component of their present westward monoclinal dip 
which is not due to original inclined deposition. This elevation may 


or may not have been contemporaneous with the Ouachita Mountain 


orogeny, the results of which we now see at the surface. 
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ABSTRACT 

Three stages of peneplanation, representing the erosional history of north Idaho 
nountains, are discussed in this article. These mountains belong to the maturely dis 
sected plateau type and compose a maze of ridges attaining accordant summit levels 
rhe oldest erosion surface or peneplain is recorded on the crest of the highest mountain 
ridges and was formed apparently near the close of Cretaceous time. A second pene 
lain is represented on the crests of ridges of lower elevation and was probably complet 
ed by the end of Eocene time. A third erosion surface on still lower ridge tops records 
he bottoms of old-age valleys carved in the earlier peneplains, most likely in early 
Miocene time. The third surface has been maturely dissected by the present streams, 
yut no peneplain of younger age has been developed. This history differs from that 
recorded in the adjoining mountains of southern and central Idaho where the summit 

ridges in general represent a peneplain of post-Miocene or Pliocene age. 

INTRODUCTION 

This article, dealing with the erosional history of the mountains 
in northern Idaho, is the outgrowth of several field seasons spent 
in parts of the Selkirk, Cabinet, Coeur d’Alene, and Clearwater 
mountains, and in particular of a study made in the St. Joe River 
and St. Maries River drainage basin in the southern Coeur d'Alene 
mountains in the early part of 1928. Northern Idaho is almost 
continuously mountainous, except for embayments of the Columbia 
Plateau, which forms the western border of several of the groups. 
he mountains have been in part separated into natural units by 
wide valleys, but certain groups merge and have been named from 
the principal drainage system that has carved them. The location 
of these mountains is shown on the sketch map. The mountains 
with fairly distinct boundaries are the Selkirks, the Purcells, and 
the Cabinets. The Selkirk Range is separated from the Purcell, the 
Cabinet, and the Coeur d’Alene mountains by the Purcell Trench, 
a great erosional valley and intermontane depression with notably 
wide, flat bottom which extends northward into Canada for more 
than 150 miles. Only the southern and western part of the Selkirk 
Range is in Idaho, most of it being in Canada and a part in the state 
of Washington. The Purcell Range extends a short distance into 
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Idaho from Canada and it is separated from the Cabinet Mountains 
on the south by the valley of the Kootenai River. The Cabinet 
Mountains are in turn separated from the Coeur d’Alene Mountains 
by the valley of the Clark Fork. Both rivers flow in relatively 
small, narrow valleys that are carved in the floors of older and much 
wider valleys. It is the wider valleys that make the separation be- 
tween the several groups distinct. The Coeur d’Alene Mountains 
merge southward with the Clearwater Mountains, separated only 
by the divide between the headwaters of the Coeur d’Alene and 
Clearwater drainage systems. Both groups merge with the some- 
what higher and more imposing Bitterroot Range on the east and 
both send spurs into the Columbia Plateau on the west. The Clear- 
water Mountains are alsc continuous with the Salmon River Moun- 
tains on the south, but the latter are not included in this discussion. 

The study of these mountains shows the existence of three old 
erosion surfaces, or peneplains, one of which was probably completed 
by late Cretaceous time and the other two before the middle of 
Miocene. The history of these differs from that recorded in the ad- 
joining mountains of southern and central Idaho where the princi- 
pal erosion surface recognized is post-Miocene or Pliocene in age. 


GENERAL CHARACTER OF NORTH IDAHO MOUNTAINS 

The north Idaho mountains, as well as those of the central and 
south-central part of the state belong to the northern Rocky Moun- 
tain province, the characteristics of which have been defined’ as deep- 
ly dissected uplands, in which ranges do not correspond to individual 
uplifts. These mountains belong to the dissected plateau type and 
their most common characteristic is the general uniformity of the 
height of the main ridges, an approximate accordance of ridge tops 
that is general for a large part of the mountainous region of Idaho, 
Montana, and southern British Columbia. 

The Clearwater Mountains have been described by Lindgren? as 
a broad, deeply and maturely dissected plateau with an average 

tN. M. Fenneman, ‘“‘Physiographic Divisions of the United States,’ A.A.A.G., 
Vol. XVIII, No. 4 (1928), p. 286. 

2 Waldemar Lindgren, “A Geological Reconnaissance across the Bitterroot Range 
and Clearwater Mountains in Montana and Idaho,” United States Geological Survey 
Professional Paper No. 27 (1904), p. 59 
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elevation of about 7,000 feet A.T., but varying between 6,000 and 
e 8,000 feet A.T. The principal ridges between the streams are gen- 
erally broad and flat, but in places they are dissected into sharper 
crests and peaks. Their combined crest lines appear to represent 
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lic. 1.—Sketch map showing location of area under discussion 


an undulating plain, sloping very little, if at all, in any given direc- 
tion and their plain rises 4,000 feet above the indented, lava-filled 
bays of the Columbia Plateau. These mountains merge with the 
Coeur d’Alene Mountains on the north which Calkins‘ describes as 


' F. L. Ransome and F. C. Calkins, ““The Geology and Ore Deposits of the Coeur 
d’Alene District, Idaho,” United States Geological Survey Professional Paper No. 62 


1905) pp. 21, 75 
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a greatly dissected plateau, standing at an elevation of about 6,000 
feet A.T. near the Clearwater Mountains and sloping gently north- 
ward to an elevation of about 5,500 feet A.T. in the northern part. 
The ridges are narrower than in the Clearwater Mountains and the 
mountains as a whole appear to have been more maturely dissected 
than those on the south. The Cabinet Mountains are similar to the 
Coeur d’Alene Mountains, but they are higher with an average eleva- 
tion of about 6,500 feet A.T., but varying between 6,300 and 7,000 
feet A.T. They have been highly sculptured by the great Cordiller- 
an ice sheet and by local glaciers which have given the higher peaks 
and ridges distinctly alpine features, but the glaciation has in no 
way destroyed the dissected-plateau character of the mountains. 
These features are also preserved on the Selkirk Range which has 
an average elevation of about 7,500 feet A.T. Its dissected-plateau 
character has been noted by Kirkham and Ellis," who describe the 
range as the dissected ‘Selkirk Peneplain.”” The dissected-upland 
feature is maintained far into Canada. Schofield? in describing the 
Purcell Range, which extends a short distance into northern Idaho, 
cites as the most striking feature the accordance of mountain sum- 
mits which gives the impression of a deeply dissected upland surface 
out of which project numerous peaks of greater elevation and into 
which great troughlike valleys have been eroded. 

The several groups of mountains differ somewhat in minor de- 
tails, particularly in degree of ruggedness, as the Clearwater and 
Coeur d’Alene mountains have escaped the glaciation of the moun- 
tains to the north except for small local alpine glaciers on the north 
sides of some of the higher peaks and ridges. But in the broader 
features the groups are similar and are composed of a maze of 
ridges attaining accordant summit levels. The ridges to which the 
elevated plateau surface has been dissected are random, without 
regular or definite pattern, and are wholly uncontrolled by the char- 
acter and structure of the bedrock except where erosion has fol- 
lowed more or less closely the zones of some of the major faults. 

*V. R. D. Kirkham and Ernest W. Ellis, ““Geology and Ore Deposits of Boundary 
County, Idaho,” Idaho Bureau of Mines and Geology Bulletin No. 10 (1926), p. 52. 


2S. J. Schofield, ““Geology of Cranbrook-Map Area, British Columbia,’ Canada 
Geological Survey Memoir No. 76 (1915), p. 162 
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The Clearwater Mountains are carved mainly in the Idaho batho- 
lith. The Coeur d’Alene Mountains are eroded mainly in the Belt 
sediment of Proterozoic age, but the sedimentary nature of the rock 
has had little to do with the present drainage and the pattern of the 
ridges except that the alignment of some of the larger streams has 
been determined by faults of great magnitude which cut the sedi- 
mentary strata. The Cabinet and Purcell mountains in Idaho con- 
tain nearly equal areas of Belt sediments and batholithic masses of 
granodiorite, but neither control the topography. The Selkirk 
Range is carved mainly from a great batholith. 
STAGES IN THE EROSIONAL DEVELOPMENT 

In spite of the apparent simpleness of the origin of these moun- 
tains, careful studies of some parts of them have revealed details 
of a complex physiographic history that is recorded by several pauses 
in the dissection of an uplifted base-leveled surface. One of these 
localities is in the St. Joe-St. Maries drainage basin in the southern 
Coeur d’Alene Mountains. The region is mostly occupied by flat- 
topped or gently sloping ridges, typical of the Coeur d’Alene and 
Clearwater mountains and is suggestive of a surface of low relief 
that has been elevated and thoroughly dissected by the streams. 
In general the height of the ridges above the main streams is from 
2,000 to 3,000 feet, the highest summits attaining elevations of 
from 6,500 to 7,300 feet A.T. In addition to the highest ridges, are 
several systems of secondary divides and of rock terraces or benches 
which suggest several more or less extensive base-levelings. Two 
lower levels of ridge tops are well preserved in the region and several 
intermediate terraces suggested, but only the three most pronounced 


erosion surfaces or peneplains will be described. 


SUMMIT PENEPLAIN 

The highest and most complete of the old base levels is represent- 

ed by flats and even crested ridges at approximately 6,000 feet ele- 
vation A.T. A few peaks, such as Goat Peak at 6,760 feet, the 
Three Sisters at 6,900 feet, Ward’s Peak at 7,303 feet A.T., and 
several others rise as monadnocks above this old erosion surface. 
The peneplain is best preserved and is most extensive in the upper 
parts of the St. Joe drainage basin, but many of the ridges which carry 
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this level extend westward nearly to the Columbia Plateau. This 
level is preserved on the highest system of ridges and may be traced 
southward across the Clearwater Mountains, northward across the 
remainder of the Coeur d’Alene Mountains, and across the summit 
of the Cabinet, Selkirk, and Purcell mountains. Here and there a 
monadnock rises above its general level. The surface has been only 
slightly affected by warping and tilting, and its unevenness is re- 
flected by the average elevations at which the summits of the several 
groups of mountains stand. Its surface has been raised higher in 
the Clearwater Mountains than in the Coeur d’Alenes and has been 
brought again to higher elevations in the Cabinet, Selkirk, and 
Purcell mountains. Faulting has displaced the general surface 
somewhat, but this has been mainly along the Purcell Trench and 
along the Clark Fork Valley where the summit surface of the Coeur 
d’Alene Mountains stands about 1,000 feet lower than that of the 
Cabinets because of renewed vertical movement along the Hope 
fault’ in Tertiary time. The most surprising fact is that the ancient 
peneplain has been so little disturbed by subsequent uplift, con- 
sidering the great length of time since its formation and the amount 
of warping that has taken place in the younger formations south of 


the area here considered. 


SUBSUMMIT PENEPLAIN 


A second and less extensive erosion surface or peneplain, carved 
about 1,000 feet below the summit peneplain, has been mentioned 
by Pardee? in the upper St. Joe River basin. It has an elevation of 
about 5,000 feet A.T. and is recorded in a system of ridges of uni 
form elevation and by rock benches on the flanks of the higher 
ridges. The same surface is rather extensively developed in the 
lower drainage basin of the St. Joe and St. Maries rivers, particularly 
along Marble Creek, a tributary of the St. Joe River. The ridges 
rise to altitudes between 4,800 and 5,000 feet A.T., the elevation 
apparently decreasing westward, but standing everywhere more 

' A. L. Anderson, ‘‘Geology and Ore Deposits of the Clark Fork District, Idaho,” 
Idaho Bureau of Mines and Geology Bulletin'12 (1929), in press 


2J. T. Pardee, “Geology and Mineralization of the Upper St. Joe River Basin, 


Idaho,” United States Geol u Survey Bulletin 470 (1gio), pp. 42-43 
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than 2,000 feet above the Columbia Plateau. The crests of the 
ridges are generally rounded and lack the flats shown in many places 
on the older and higher surface. Where these ridges stand alone, 
they present a uniformity of summit levels that is as striking as 
that recording the higher erosion surface. Some of the even-crested 
ridges are from 3 to 5 miles long and near the west border of the 
mountains constitute the main summit surface above which rise 
scattered monadnocks of the older peneplain. As the maturely dis- 
sected subsummit peneplain becomes less extensive headward on 
the present streams, the older drainage which carved it probably 
drained to the west as does the present. 

No time was afforded to trace the subsummit peneplain outside 
of the St. Joe drainage basin, but certain secondary ridges and high 
flats in the Clearwater Mountains may, perhaps, be correlated when 
they are better known. Similar high terraces also occur in the 
northern Coeur d’Alene Mountains preserved in the headwaters of 
the Coeur d’Alene River, but these are too distant to warrant cor- 
relation until work has been done in the area between. Numerous 
secondary divides have been mentioned by Umpleby and Jones’ in 
the region drained by the South Fork of the Coeur d’Alene River 
which they intimate suggest high terraces, and which if carefully 
studied might reveal the details of a complex physiographic history. 
These probably will be correlated with the subsummit surface.’ 
There has been no opportunity to revisit the Cabinet, Selkirk, and 
Purcell mountains to ascertain definitely the existence of the sub- 
summit erosion surface, but certain ridge slopes which partly de 
scend to the main valleys suggest that this cycle of erosion may be 
represented. 

‘J. B. Umpleby and E. L. Jones, Jr., “Geology and Ore Deposits of Shoshone 
County, Idaho,” United States Geological Survey Bulletin No. 732 (1923), p. 6 

Subsequent work by the writer in the Coeur d’Alene and Clearwater mountains 
ince this article went to press has shown that the subsummit surface is remarkably 
developed over both groups, especially along the Coeur d’ Alene River and its tributaries 
and the North Fork and the Middle Fork of the Clearwater. Southward in the Clear 
water Mountains, the subsummit surface rises to 5,500 feet A.T. The old valley surface, 
or third peneplain, is also exceptionally well developed over parts of the Clearwater 
Mountains, particularly near the western margin, and stands at an elevation of 4,000 to 


4,500 feet. Some of the old, flat valley floors are 10 to 12 miles wide and are as pro 


nounced as those in the Coeur d’Alene Mountains 
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OLD VALLEY SURFACE 

A third and still less extensive erosion surface at elevations of 
about 3,500 feet A.T. and with the characteristics of old-age valleys 
that have been maturely dissected by the present streams has been 
mentioned by Pardee’ in the upper St. Joe River basin. The surface 
was also described by Collier? at an earlier date as the floor of an 
old valley which had been carved in the uplifted early peneplain, 
and states that it was elevated to an average height of 1,000 feet 
above the present river bed and dissected with the remainder of the 
plateau, leaving a series of gravel-capped hills. The old valley sur- 
face is exceptionally well preserved throughout the entire St. Joe 
and St. Maries drainage basins. Along Marble Creek the ancient 
valley floor stands at elevations between 3,500 and 3,800 feet A.T., 
the elevation increasing gradually headward. In the lower course 
of Marble Creek the old valley floor is as much as 8 miles wide and 
is proportionately wider along the St. Joe River. These figures indi- 
cate that the third stage of valley cutting is one of considerable 
magnitude, though still far from complete. The old valley floor in 
the Marble Creek drainage has been deeply and submaturely dis- 
sected by the present streams which now flow in steep youthful 
valleys as much as 1,300 feet beneath the old valley bottom. The 
top of the ridges of this region are also capped with gravels. 

The old valley surface has been described in other parts of north- 
ern Idaho. Calkins‘ thinks the Coeur d’Alene River drainage once 
flowed in broad valleys whose floors were from 800 to 1,000 feet 
higher than their present depths. The older valley level is best 
preserved along the North Fork of the Coeur d’Alene River and its 
tributaries, although remnants are to be found along the South 
Fork as well. This old valley surface like that in the St. Joe drain- 
age basin has been maturely to submaturely dissected by the pres- 
ent streams and the ridges are capped with gravels. Calkins and 


1J. T. Pardee, op. cit., p. 43. 

2 A. J. Collier, “Ore Deposits in the St. Joe River Basin, Idaho,’’ United States 
Geological Survey Bulletin No. 285 (1905), p. 131. 

3 Some of the smaller streams still occupy their ancient valleys, especially near the 


headwaters 


‘F. L. Ransome and F. C. Calkins, Professional Paper No. 62, op. cit., p. 76. 
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Jones’ consider the old-age valley now deeply trenched by the South 
Fork of the Coeur d’Alene River as a part of a much more extensive 
“old valley” or depression, one that extends in nearly a straight line 
from Spokane, Washington, to Deer Lodge, Montana, a distance 
of 300 miles. They consider its general form that of a mature stream 
valley and speak of it as the “‘old valley.”’ 

It is highly probable that the major valleys which separate the 
Coeur d’Alene Mountains from the Cabinets, and the Cabinets from 
the Purcells, were carved during this stage of planation, for both 
the Kootenai and the Clark Fork rivers as they flow between these 
mountains occupy narrow valleys in the floors of much wider valleys 
similar to those that have been trenched by the Coeur d’Alene and St. 
Joe rivers. The ‘“‘plateau-like areas lower than the mountain masses 
planed off by continental-glacier erosion” described by Kirkham 
and Ellis? in the Purcell Trench are probably the valley floors of 
ancient rivers now dissected by the present Kootenai River and its 
tributaries. Wide valley floors at the heads of several streams have 
been noted by the writer in the Clearwater Mountains, but his studies 
have not progressed sufficiently to justify correlation of these with 
the ancient river valleys to the north.s This stage of planation will 
probably prove to be widespread in north Idaho and is probably 
represented in the Salmon River Mountains of south-central Idaho 
by the great valleys mentioned by Umpleby‘ that contain Miocene 
lake beds and volcanics. 

COLUMBIA BASALT INDENTATIONS 

The Columbia River basalt plays a very useful rdle in dating the 
age of the three peneplains in northern Idaho and is worthy of spe- 
cial consideration. The western front of the Clearwater and Coeur 
d’Alene mountains is bold though irregular, being indented by lava- 
filled bays from the Columbia Plateau. The great lava plateau is too 

‘PF. C. Calkins and E. L. Jones, Jr., “Economic Geology of the Region around 
Mullan, Idaho, and Saltese, Montana,” United States Geological Survey Bulletin No. 540 
(1912), p. 169 

? Kirkham and Ellis, op. cit., p. 11. 

Subsequent work by the writer has shown the old valley surface to be extensive 
over the Clearwater Mountains. 

‘J. B. Umpleby, “The Geology and Ore Deposits of Lemhi County, Idaho,” 
United States Geological Survey Bulletin No. 528 (1913), pp. 26, 38. 








756 ALFRED L. ANDERSON 


well known to warrant more than passing mention as a constructional 
feature, built up by flow upon flow of basalt in Miocene time, covering 
the west slopes of the north Idaho mountains and flowing back into 
many of the valleys. One of the large re-entrants of the basalt is 
east of Spokane, Washington, where the basalt flowed up the Spo- 
kane Valley into the Purcell Trench and also far back into the Coeur 
d’Alene Mountains. Terraces of the basalt may now be found on 
the east margin of the Purcell Trench south of Pend Oreille Lake and 
along Coeur d’Alene Lake. The terraces may be traced up the Coeur 
d’Alene River as far as Cataldo which is well back in the Coeur 
d’Alene Mountains. The surface of the basalt terraces has an ele- 
vation of about 2,500 feet A.T. Another deep indentation of basalt 
forms an extensive plateau-like area, at elevations from about 2,500 
feet to 2,700 feet A.T., in the St. Joe Valley and extends into the 
very heart of the Coeur d’Alene Mountains. Similar embayments 
of the basalt have been described by Lindgren' in the Clearwater 
Mountains, the basalt forming a remarkably regular plateau at an 
elevation of 3,000 feet A.T. and the dissected mountains forming 
another about 4,000 feet higher. 

The usefulness of the basalt in establishing the youngest possible 
age of the old erosion surfaces is made clear by its relations in the 
St. Joe drainage basin where the surface of the basalt embayment 
stands about 800 feet below the dissected surface of the third pene- 
plain, or the old valley surface. The basalt is not found in the floor 
of the ancient broad river valley in this district but in narrower 
valleys that have been carved in that floor. This relationship har- 
monizes with the degree of dissection of the old broad river valley 
and the basalt plateau, for the former is everywhere dissected to a 
stage of maturity while the basalt plateau is yet in early youth. 
Hence, during the interval between the completion of the old broad 
valleys and the outpouring of Miocene basalt the region must have 
been elevated and the streams intrenched to depths much greater 
than those of the present. ‘The work of Pardee and Bryan’ confirms 
this for they found that the prebasalt surface in Spokane Valley at 


Waldemar Lindgren, Professional Paper No. 27, op. cit., pp. 24-25 
J. T. Pardee and Kirk Bryan, ‘Geology of the Latah Formation to the Lavas of 
the Columbia Plateau near Spokane, Washington,” United States Geological Survey 


Professional Paper No. 140 (1925), pp. 1-16 
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the edge of the Coeur d’Alene Mountains is 1,500 feet below the 
present surface. They conclude that the mountains at that time 
were greater than those of today. 

Two ages' of the basalt are recognized in the Spokane region, 
the older, or “rim rock,” basalt which forms the main surface of the 
Columbia Plateau and the embayments in the Coeur d'Alene 
Mountains, and the younger, or “valley flow,” basalt which has 
filled or partially filled valleys carved in the older basalt surface. 
he “trim rock”’ basalt lies upon the Latah formation, a fossiliferous 
fresh-water deposit of Middle Miocene age, though, according to 
Pardee,’ it is probably not much younger than that formation. 
lhe “rim rock”’ basalt is the one which forms the embayment in the 
St. Joe Valley, and near the town of St. Maries contains interstrati- 
fied beds of the Latah formation.’ The third or youngest peneplain 
was, therefore, carved, elevated, and dissected before the outpour- 
ing of the Columbia basalt of Middle Miocene age. 

The plateau surface that borders the north Idaho mountains is 
essentially horizontal, for the warping is so gentle as to be nearly 
imperceptible and shows even less deformation than the older ero- 
sion surface that comprises the summit of the mountains. South- 
ward, however, the plateau surface is warped and the lavas have 
been thrown into several large folds, one of which constitutes Craig 
Mountain, a dome-shaped mountain, which lies west of the Clear- 
water Mountains. Farther south the basalt has been more severely 
disturbed by both faulting and folding and has been carried to high 
elevations and dissected, forming a group of mountains, such as the 
Seven Devils, Cuddy Mountain, and Hitt Mountain, in Idaho, and 
the Wallowas and Blue Mountains, of Oregon, of post-Miocene age.‘ 


POSTBASALT VALLEY CUTTING 
The basalt indentations have also been youthfully dissected by 


the present streams in many places in northern Idaho. Along the 


' J. T. Pardee and Kirk Bryan, op. cit., pp. 1-16 

2 J. T. Pardee, written communication. 

>V. R. D. Kirkham, “Ground Water for Municipal Supply at St. Maries, Idaho,” 
daho Bureau of Mines and Geology Pamphlet No. 17 (1926), p. 4 

1D. C. Livingston, ‘Certain Topographic Features of Northeastern Oregon and 


Vol. XXXVI (1928), pp. 697-99 


Cheir Relation to Faulting,” Jour. of Geol 
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lower St. Joe River, the present valley floor is between 400 and 500 
feet below the basalt surface and its floor was formerly deeper. 
The obstruction of its lower valley by glaciers in the Purcell Trench 
in Pleistocene time, which on retreat left a gravel barrier across the 
valley, has caused flooding and the formation of Coeur d’Alene Lake. 
Into this the St. Joe flows at temporary base-level, probably more 
than 100 feet above its former bed. Several minor rock terraces 
may be found in the basalt valleys and in the older valleys, but these 
have not as yet been sufficiently studied to warrant description and 
correlation at this place. 

The streams which drain the Clearwater Mountains, and which 
are intrenched in the basalt plateau, are actively eroding their val- 
leys. That there have been several pauses in the down-cutting is 
shown by several minor stages of rock terraces. The present cycle 
is that of youth, probably due to regional uplift. In general, the 
drainage of the basalt plateau in northern Idaho is in a much more 
youthful condition than it is in the adjacent mountains. In many 
places the streams from both the Coeur d’Alene and Clearwater 
mountains flow on the surface of the basalt in shallow, alluvial 
valleys before reaching the heads of their canyons farther out on the 
plateau. 

DATING THE EROSION SURFACES 

The dating of the three erosion surfaces which are recorded 
within the north Idaho mountains may be determined within reason- 
ably accurate limits from the age of the youngest formation involved 
in the planation and the age of the oldest formation not involved. 
For this purpose, the Idaho batholith as the youngest formation in- 
volved, and the Columbia basalt as the oldest formation not in- 
volved becomes very useful, and the dating depends on their re- 
spective ages. The oldest of the erosion surfaces is cut across the 
Idaho batholith and the Paleozoic and Proterozoic rocks which it 
intrudes. As Ross‘ has recently shown the Idaho batholith to have 
been intruded near the end of the Jurassic, the oldest surface can 
be no older than very late Jurassic or more probably Cretaceous. 
The discussion of the basalt embayments in the Coeur d’Alene 


tC. P. Ross, “Mesozoic and Tertiary Granitic Rocks in Idaho,” Jour. of Geol., 


Vol. XXXVI (1928), pp. 673-93. 
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Mountains along the St. Joe River has brought out that the third 
or youngest peneplain was carved, uplifted, and dissected before 
the invasions by the basalt of Middle Miocene age. All three ero- 
sion surfaces are, therefore, dated between the Cretaceous and the 
Middle Miocene, but just where is less easy to determine. 

The first attempt to date the summit peneplain was by Umpleby’ 
in 1912; he described a peneplain in the Salmon River Mountains 
which he referred to the Eocene and which he thought extended over 
much of the state. His assignment of the old erosion surface to the 
Kocene was largely on the relation of Eocene deposits and the pres- 
ence of Miocene “‘lake beds” in basins which he believes were eroded 
iter the development of the peneplain. From these relations he 
ilso assigned a late Cretaceous or early Eocene age to the Idaho 
batholith. More recently Ross’ has indicated that the mountains 
of south-central Idaho belong to a younger generation and that the 
peneplain which is preserved across the summit ridges is post- 
Miocene in age, including parts of the same peneplain’ in the Salmon 
River Mountains which Umpleby regarded as Eocene. For this rea- 
son Umpleby’s early assumption might be questioned, although it 
may not be invalid as the studies in northern Idaho and south- 
central Idaho indicate two generations of mountains, but just where 
the border-line lies between the two generations of mountains is not 
clear. It may not even exist for the facts might be harmonized by 
allowing for differential uplift and post-Miocene planation which 
failed to extend sufficiently far north to leave a well-defined record in 
the Clearwater Mountains. 

Correlation of the north Idaho erosion surfaces might better be 
made with the known peneplains that have been described in the 
mountains of British Columbia. The summit peneplain in the Pur- 
cell Mountains has been assigned to the late Cretaceous period by 
Schofield’ on the evidence of the stratigraphic succession in the 

J. B. Umpleby, “An Old Erosion Surface in Idaho; Its Age and Value as a Datum 
Plane,” Jour. of Geol., Vol. XX (1912), pp. 139-47. 

2 C. P. Ross, “Salient Features of the Geology of South Central Idaho,” Abstract, 
Washington Academy of Science, Vol. XVIII (1928), pp. 267-68 

3C. P. Ross, oral communication, 1928. 

4S. J. Schofield, ‘Geology of the Cranbrook Map-Area, British Columbia,” 


Canada Geological Survey Memoir No. 76 (1915), pp. 102, 160-65. 
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Rocky Mountains following the Jurassic uplift. The same surface, 
as previously discussed, extends over the mountains in northern 
Idaho. Remnants of a peneplain that have survived Tertiary ero- 
sion on the Interior Plateau of British Columbia and in the Columbia 
Mountain system has been described by Drysdale.‘ This he be- 
lieves was completed near the close of the Cretaceous period. Uglow’ 
also describes a peneplain that is trenched by the North Thompson 
River in southern British Columbia whose age is definitely fixed as 
older than Middle Eocene and which he believes to be late Creta- 
ceous. This peneplain was slowly uplifted in pre-Middle Eocene time 
and a trench 3,000 feet deep was cut below the upland. Following 
this uplift and erosion a series of sediments containing distinctive 
Middle or Upper Eocene fossils were deposited in the trench, the 
ancestral valley of the present North Thompson River. 

In view of the criteria offered by Schofield as to the age of the 
summit peneplain and also the undisputable evidence found by 
Uglow in the North Thompson River trench, the writer is convinced 
that the summit peneplain in northern Idaho is older than the Eo- 
cene age assigned by Umpleby and is late Cretaceous. The evidence 
suggests that the land was reduced to a vast peneplain in late 
Cretaceous time following Jurassic uplift which inaugurated the 
Cordilleran Revolution. 

The subsummit peneplain is less easy to date inasmuch as no 
mention is made of it outside the Coeur d’Alene Mountains. Wheth- 
er this surface has been overlooked in British Columbia and other 
parts of Idaho or is only present locally in the Coeur d’Alene Moun- 
tains is yet to be determined. It may perhaps be correlated with 
the Eocene stage of erosion which carved the Thompson River 
Trench in British Columbia. If so, the cycle shows greater degree 
of completion in the Coeur d’Alene Mountains than in British 
Columbia. The uplift which initiated the second cycle is perhaps 
to be synchronized with the mountain-building of the Laramide 

*C. W. Drysdale, “Geology and Ore Deposits of Rossland, British Columbia,” 
Canada Geological Survey Memoir No. 77 (1915), pp. 184-88. 

2, W. L. Uglow, ‘Cretaceous Age and Early Eocene Uplift of a Peneplain in South- 
ern British Columbia,” Bulletin Geological Society of America, Vol. XXXIV (1923), 


pp. 561-72. 
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Revolution and, tentatively, this second peneplain is placed in the 
early Tertiary or Eocene. 

The third peneplain or old valley surface is also difficult to date. 
It was carved and also dissected before the deposition of the Latah 
formation of Middle Miocene age with its intercalated lava flows 
and overlying “rim rock”’ basalt. The uplift which initiated this 
cycle may perhaps be related to the diastrophism and erosion that 
is recorded in British Columbia which Uglow' places definitely be- 
tween the end of the Eocene and the period of Miocene vulcanism. 
It is probable that during the Oligocene the mountains of northern 
Idaho were also undergoing erosion as the result of progressive up- 
lift and that the valleys were old by early Miocene time. As defor- 
mation is recorded in other parts of Idaho and British Columbia 
during Middle Miocene, it is again probable that the region of north 
Idaho was uplifted, the old valley floors dissected and later filled or 
partially filled by extrusions of Columbia basalt. 

The record since Miocene time has been one of erosion, but no 
base-level or peneplain has been approached although there have 
been several minor fluctuations in the down-cutting. 


SUMMARY AND CONCLUSIONS 

The mountains of north Idaho belong to the northern Rocky 
Mountain province and may be described as the maturely dissected 
plateau type in which the ridges rise to accordant summit levels. 
heir erosional history has been complex as recorded by a series of 
old erosion surfaces or peneplains; one on the crest of the highest 
mountain ridges; a second on the crests of a system of ridges of 
lower elevation; and a third on still lower ridge tops which are 
remnants of bottoms of old-age valleys. 

Their history begins at the close of the Jurassic period when the 
Cordilleran diastrophism caused uplift, accompanied by batholithic 
intrusions, and outlined a great mountain system. Following the 
Jurassic uplift the land was eroded and by the end of Cretaceous 
time was reduced to a vast peneplain that is now preserved on the 
high ridges of the mountains of northern Idaho and British Colum- 
bia. This cycle of erosion was terminated in early Tertiary time by 


tW. L. Uglow, op. cit., pp. 569-70. 
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uplift which was perhaps a part of the Laramide Revolution. As 
a result of this uplift a second peneplain was developed about a 
thousand feet below the older erosion surface in the southern Coeur 
d’Alene Mountains, possibly in Eocene time. This cycle was also 
terminated by uplift, perhaps during the Oligocene, and by the be- 
ginning of Miocene the streams had eroded deep, broad valleys in 
the older surfaces. Miocene uplift again rejuvenated the streams 
and by the time the Columbia basalt was extruded had deeply dis- 
sected the old, broad valley floor which represents the third stage 
of planation. Since Miocene time the larger streams have youth- 
fully dissected the basalt which flooded far back into the valleys of 
the Idaho mountains, but many of the smaller streams still flow 
on its surface for varying distances before reaching the heads of 
their canyons cut in the plateau. The trenching of the basalt em- 
bayments and the Columbia Plateau has not been without pauses 
as revealed by several minor stages of rock terraces, but none of 
these are of sufficient size or are sufficiently well known to justify 
correlation with a peneplain of Pliocene’ age across the Salmon 
River Mountains of south-central Idaho. Pleistocene glaciation has 
modified the pre-existing topography in some parts of the moun 
tains and has also caused interesting drainage changes along the 
Purcell Trench, but these changes are not pertinent to the present 
subject. The Pleistocene glaciation was apparently followed by 
uplift, for except in those places where glacial deposits still obstruct 
the drainage, the streams are actively eroding their channels. 


The erosional history as recorded in north Idaho might help to 


answer the question that has existed over the age of the erosion 
surface which constitutes the summit levels of a great part of the 
mountainous area of Idaho north of the Snake River Plain. The 


question was first raised when Blackwelder’ criticized Umpleby’s* 
view of the Eocene age of the peneplain in the Salmon River Moun 


tains and suggested that in the light of his own work in adjacent 


( P. Ro ‘ ract, hinglton Acaden of Science, Vol. XVIII 1924 p OS 

Eliot J k welder Phe Old Erosior rface in Idaho: A Criticism,” Jour. of 
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areas in Wyoming the peneplain was probably post-Middle Miocene. 
[he controversy rested until Atwood" accepted Umpleby’s Eocene 
view and applied it to the physiographic conditions about Butte, 
Montana. This brought forth further argument from Blackwelder? 
who defended his post-Middle Miocene age of the peneplain. 
Rich,’ after a review of the arguments of Umpleby, Atwood, and 
Blackwelder, favored Blackwelder’s view of a late Tertiary age. 
his provoked discussion from both Lindgren‘ and Livingston’ who 
stated that no argument was tenable until the relation of the Colum- 
bia basalt was considered and from these relations in the Clear- 
water Mountains they believed the peneplain to be Eocene or older. 
lhe question rested from 1918 until 1924 when Mansfield® reviewed 
the problem and from the light of his studies in southeastern Idaho 
concluded that the idea of post-Middle Miocene planation across 
earlier Tertiary and older rocks as advocated for Idaho by Black- 
welder and Rich was not proved by the available evidence. He 
uggests that the erosional history of western and northern Idaho 
and of western Montana probably was somewhat different from 
that of southeastern Idaho or of western Wyoming. More recently 


Ross? has indicated that the mountains of south-central Idaho be 


ong to a younger generation and that they carry a post-Miocene or 
Pliocene peneplain across their summit ridges. This is also in line 
with the observations of Livingston,’ who recognizes two generations 
'W. W. Atwood, “The Physiographic Conditions at Butte, Montana, and Bing 


im Canyon, Utah: When the Copper Ores Were Enriched,” / n. Geol., Vol. XI 


1916), pp. 697-740 


Eliot Blackwelder, “‘Physiographic Conditions and Copper Enrichment,” Eco? 
Geol., Vol. XX (1917), pp. 541-45 
§J. L. Rich, “‘An Old Erosion Surface in Idaho: Is It Kocene?” Econ. G 


Vol XIU (1918), pp. 120-36 

‘Waldemar Lindgren, “The Idaho Peneplain (Discussion Econ. Geol., Vol. XIII 
1915), Pp. 450-56 

LD. C. Livingston, “The Idaho Peneplain (Discussion pp. 458 

®©G. R. Mansfield, “Tertiary Planation in Idaho,” Jow Geol., Vol. XXXII 
1924), PP. 472°-57 

Clyde P. Ross, abstract, Washington Academy of S , Vol. XVIIT (1928), 


*P. C. Livingston, “Certain Topographic Features of Northeastern Oregon an 


heir Relation to Faulting Jour. of Geol., Vol. XXXVI (1928), pp. 697-09 
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in Idaho and northeastern Oregon, an older group of pre-Miocene 
age which comprises the main mountainous area of central and 
northern Idaho and a younger group of post-Miocene age that lies 
to the southwest and is in part carved from elevated blocks of 
Columbia basalt. Thus, the question of the age of the Idaho pene- 
plain might be answered by recognizing the existence of more than 
one peneplain. The youngest of Pliocene age extends over the moun- 
tains in the southern part of the state, but its boundary relation to 
the peneplains of pre-Middle Miocene age that are described by the 
writer in the northern part remains as yet undetermined. 
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ABSTRACT 
\ recently formed fissure in basin-fill material is described. Several possible modes 
f origin are discussed and the conclusion is reached that the rupture was probably the 
sult of vibrations from a distant earthquake, aided, perhaps, by tensional strain in 
e superficial deposit. 


GENERAL STATEMENT 

An earth fissure or crack in the ground, believed to be of unusual 
origin, occurred on or about September 11, 1927, at a point some 3 
miles southeast of Picacho, Arizona, a station on the main line of 
the Southern Pacific Railroad, about 45 miles northwest of Tucson, 
\rizona. The crack, in its southern half, crosses the railroad right- 
of-way and the Tucson—Casa Grande highway. It was discovered 
early in the morning of September 12, after a severe rain and wind 
storm of the afternoon and night before. According to reliable in- 
formation, there was no evidence of a crack across the roadway late 
the previous day, September rr. 

The fissure may be characterized as a short vertical rift, extend- 
ing in a general northeast-southwest direction for approximately 
1,000 feet, in unconsolidated or at best but feebly coherent silty 
and sandy playa material. It is located along the southern side of 
a slightly depressed playa-like area on the eastern border of the 
extensive intermontane plain or basin area of the Santa Cruz River, 
and at the foot of the western drainage slope of the Picacho Moun 
tains. When first formed, the rift ranged in width from a mere 
fracture in its end portions (Fig. 1) up to probably less than 6 inches 
in parts of its middle third, which is just north of the railroad right 
of-way (Fig. 2). Caving on the walls along the wider sections of the 
crack evidently commenced soon after the rupture took place, widen 
ing some of them up to 2 and 3 feet and incidentally partly filling 
the fissure, so that its actual depth could not be determined. The 
greatest measurable depth found was only 15 feet. 


Popular opinion was early divided regarding the origin of the 
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fissure. By some, it was thought that the crack was simply the 
result of saturation of the playa-fill material by the torrential down- 
pour and the caving in of an underground channelway. Others de- 
clared that the fissure was the visible manifestation of a tectonic dis- 
turbance in the underlying rock structure of the area. Finally, Mr. A. 
K. Ludy, observer in charge 
of the United States Magnet- 
ic Observatory situated near 
Tucson, upon inquiry ex- 
pressed the opinion that the 
fissure was caused by earth 
vibrations originating some 
miles distant. Mr. Ludy’s 
opinion was based on an ex- 
amination of the rift imme 
diately following its discov 
ery, plus the fact that at 
8:21 P.M., September 11, the 
seismograph at the observa- 
tory recorded an earthquake 





occurring within a radius of 


170 miles from Tucson. 


- The origin of the Picacho 

zs 
als fissure has thus become an 
Fic. 1—View from southerly end, looking interesting scientific problem, 


northeasterly along fissure toward the Picacho jnyolving both geology and 


Mountains 4 
seismology. 


CHARACTER OF DEPOSII 


It is probable that the basin-fill material in which the fissure 
occurs consists mainly of stream deposits and is at least several 
hundred feet thick. This deposit is quite likely incoherent, or but 
slightly consolidated, and rather porous—at least near the surface; 
a roughly cubical specimen of approximately 31 cc. volume ab 
sorbed 16.5 cc. of water by experiment. 


Microscopic examination of material taken 3 feet below the sur- 


face shows it to be a mixture of clay, silt, sand, and small gravel. 
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Sand and silt predominate, and quartz is the most abundant min- 
eral, although considerable feldspar is present, and limonite and 
magnetite and perhaps other minerals occur in minor amounts. The 
individual grains are either angular 
in outline or round-edged, pebble- 
like particles; in size, they range 
from the microscopically minute up 
to about } inch in diameter. The 
deposit is prevailingly of a pale red- 
dish brown color. 

This detrital-fill material is be- 
lieved to correspond in mode of 
wrigin and character to the dissect 
‘1 valley and basin deposits along 
the upper Gila River and along the 
San Pedro River near Benson and 
St. David, Arizona; also to deposits 
of the Sulphur Spring, San Simon, 
and San Bernardino areas, in south- 
eastern Arizona, studied by Mein- 
zer.' In these deposits there is found 
an alternation of stream-laid ma 
terials, ranging up to more than 
1,000 feet in thickness and consist- 


ing of clay, silt, sand, gravel, and 





boulders in varying proportions and 


Fic. 2.—-Fissure at greatest width 


degree of sorting; buried lake (?) - : 
rs : , 3 feet), just north of railroad right 
beds, 45 to 430 feet thick, and for 
the most part composed of dark- 
colored clay but locally containing sandstone, tuff, diatomaceous 
earth, and gypsum; also, in some localities there are younger lake 
beds, made up of a succession of sand and clay layers, wind depos 
its, deposits made by ground-water, such as caliche and alkali, and 
basaltic lava flows. 

‘OQ. KE. Meinzer and F. C. Kelton, “Geology and Water Resources of Sulphur 
Spring Valley, Arizona,” United States Geological Survey Water-Supply Paper 320 


1913), Pp. 52-71 
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ORIGIN OF FISSURE 

Several hypotheses may be advanced to explain the origin of the 
fissure, such as: (1) fracture due to subsidence or slumping of ground 
over a cavity; (2) fracture due to readjustment in underlying rock 
masses; (3) fracture resulting from vibrations produced by earth 
movement elsewhere——a distant earthquake; (4) fracture as the com- 
bined effect of seismic vibrations and structural strain in partially- 
consolidated basin-fill material. 

1. It is rather doubtful whether solution cavities or oxidation 
collapse caves would form to any extent in deposits of this type. 
Field evidence already cited shows that soluble or oxidizable beds 
are not common. However, a soluble bed, such as limestone, might 
have been laid down during the early stages of deposition, when a 
body of water may have existed in the basin. And this soluble bed, 
after being covered with many feet of later deposits, might in more 
recent times have undergone partial or total solution and removal. 
In such case, the overlying material would tend to settle or slump 
and the effects of this subsidence might be transmitted to the sur- 
face as a result of doming. Doming implies the progressive break- 
ing away of the material above a cavity by crumbling, spalling, and 
arching. The surface areal extent of the caving area might be set 
off from the surrounding unaffected ground by marginal cracks only, 
or these together with numerous small irregular fractures scattered 
through the failing mass, or downwarping and even actual collapse 
of the affected ground.’ The effects so extended to the surface would 
depend, of course, on the degree of consolidation of the failing 
structure, and on its size-and distance from the surface. 

Careful investigation shortly after the fissure appeared, and on 
several occasions since, could detect no vertical displacement, sag- 
ging, or other deformation of the ground surface on either side of the 
opening, nor other fissures or fractures anywhere in the surrounding 
area. The railroad embankment, which is 4 feet high where the 
fissure passed under it, was apparently disturbed but little, if at all, 
and only a slight crack was opened across the surface of the highway. 

It is apparent, therefore, that a theory involving subsidence as 


* Edward Wisser, “Oxidation Subsidence at Bisbee, Arizona,” Economic Geology, 


Vol. XXII (1927), p. 780. 
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the major factor in the production of the fissure has little or no field 
evidence to substantiate it. 

2. That internal readjustment in the rock structures of the near- 
by Picacho Mountains and the rock basin underlying the ruptured 
alluvium might have produced sufficient movement to cause the 
fissure to open is not only plausible but also the preferred supposi- 
tion. In spite of the lack of evident vertical displacement, it may 
well be that the area on one side of the crack has been either raised 
or lowered slightly with respect to the area on the other side. It is 
recognized that fractures, which at the surface show no displace- 
ment, may have a considerable throw a few thousand feet below it, 
and that visible surface displacement results only when faulting 
occurs at a relatively shallow depth. However, the apparently un- 
disturbed railway line together with the shortness of the crack and 
its position relative to the mountain mass rather argue against this 
supposition, but the most serious objection to it is the absence of 
record of vibrations from such earth fracture on the seismograph 
at the Magnetic Observatory near Tucson. There was an earth- 
quake recorded during the time period in which the rupture is known 
to have occurred, but instead of occurring within a radius of only 
45 miles, it was about 170 miles distant. 

It is conceivable, however, that this readjustment may be in 
progress, but at the time of surface fracturing the developing stresses 
had reached the breaking point only in the superficial material. 
Slight elevation—or lowering—of part of the area may have pro- 
duced strain in the surface beds through warping; or perhaps arch- 
ing or doming of the underlying rock structures is in process, with 
consequent stretching of the superficial layers. Fracturing in ma- 
terial but slightly coherent is not likely to develop earth vibrations 
that would be transmitted more than a short distance—a matter of 
feet rather than miles—before complete dissipation. 

Although it is thus possible to advance several more or less logi- 
cal reasons for a condition of strain, none of them are supported by 
any recognizable surface manifestation and are justified only 
through general theoretical considerations bearing on basin-range 
structures. 

3. In the third hypothesis, it is assumed that the crack is the 
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effect of an earthquake, not the cause of one. This is a somewhat 
unusual assumption but not an altogether unreasonable one, inas- 
much as secondary cracks of this nature have been frequently recog- 
nized in the past, but not at so great a distance from the seat of 
disturbance. 

According to Davison,’ the effects of earthquakes, aside from 
the formation of fault-scarps and warping of surface beds, which 
are more intimately connected with cause than effect, 
include such phenomena as landslips of various forms, dislocations of alluvium 
on level ground, changes in the underground-water circulation, the extrusion 
of water and sand at the surface, and the formation of sand-craters and other 
outflows of sand and materials contained in the superficial layers. 

The prevailing view holds that most earthquakes result from 
tectonic readjustments, in which slowly accumulated strain in cer- 
tain rock structures finally becomes greater than the rock can with- 
stand and sudden fracture, or slipping along a pre-existing fracture, 
occurs. A dynamic shock is thus produced and is transmitted in all 
directions as series of waves, as in an elastic body, which set up 
vibratory movements in earth particles along the paths of propaga- 
tion. It is now well established that the seismic waves so originat- 
ing in the surface of fracture, or displacement, are of various types 
and spread out and travel with different speeds through the body 
of the earth and over its surface. Although opinions vary some- 
what as to the mannér and lines of propagation, it is generally 
agreed that two principal types of waves are thus generated, longi- 
tudinal waves of compression or condensation and transverse or 
distortional waves. In the first, the direction of vibration of the 
particles is in that of wave advance; in the second, in the plane 
normal to the path traveled. In all earthquakes the disruptive ef- 
fect of vibrations is greater in soft ground than in hard rock, like- 
wise greater on the surface than at a slight depth below. The 
deeper earth waves in passing from a highly elastic to a feebly elastic 
medium tend to diminish in speed of propagation and wave-length 
and to increase in amplitude through the yielding and deformation 
of the less coherent material thus invaded. Both transverse and 
longitudinal waves are subject to modification by refraction and 


* Charles Davison, A Manual of Seismology (1921), p. tot. 
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reflection; each may be dissipated or augmented, but more frequent- 
ly conditions are such that the longitudinal waves alone lose energy, 
a part of which is absorbed by the transverse, distortiona! waves, 
which become the principal agents of the motion which flings the 
more or less incoherent surface material right and left. 

Experimental study,’ in this connection, has shown that the 
amplitude is not only in general greater at the surface than at the 
base, but that it varies with the depth and rigidity of material and 
the period of vibration. Since the depth of a basin, like the one 
inder discussion, is more or less irregular and the character and 
condition of the alluvium filling it quite variable, 
the amplitude of vibration will vary from point to point on the surface, and 
points not far apart may even be in opposite phases, so that more or less dis- 
cordant movements take place. The commotion may be sufficiently great to 
produce cracks in the ground, especially at the boundaries of softer and firmer 
material? 

So, although unusual, it does not seem unreasonable to assume 
that the Picacho fissure may have been produced by earthquake 
vibrations originating elsewhere. That it is not longer, or that there 
is not a series of cracks, parallel or en échelon, can be explained only 
under the supposition that conditions of the basin-fill material were 
favorable for rupture in but a narrowly limited zone. 

4. The final theory differs from the preceding one merely in pre- 
supposing a condition of stress to have existed in the structurally 
weak alluvial deposit before the seismic vibrations passed through 
it. Structural readjustment, as in the second hypothesis, is here 
assumed to be in progress, but it had developed only to the extent 
that a breaking strain was being approached in the slightly coherent 
overlying mass, and not in the solid rock below. Or it is possible 
that readjustment was wholly confined to the basin-fill material, in 
which uneven settling had set up a warping strain. In any such case, 
the action of earthquake waves in producing rupture, as discussed 
in the foregoing, should be greatly aided and the effect intensified. 

If the Picacho fissure has originated, either directly or indirectly 
through the agency of seismic vibrations, it is highly probable that 


tl, J. Rogers, Report of California Earthquake Commission, Vol. I (1908), pp. 
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it was caused by the earthquake recorded at the United States 
Magnetic Observatory on the evening of September 11, 1927, as 
reported by Mr. Ludy. Since but the one station recorded this 
earthquake, the only information available concerning the point of 
origin is that it originated at some point on a circle centering at the 
station and having a ra- 
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ble seats of disturbance. 
Under this assumption, 
the earthquake origi- 
nated (see Fig. 3) either 
to the north, on the rim 
of the Mogollon Plateau 
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in the vicinity of Black 
Canyon, some 35 miles 
southwest of Holbrook, 








Arizona, or to the south, 





Fic. 3 on the coast or in the 
Gulf of California near 

Libertad, Sonora, Mexico. Either location is considered favorable, 
but the latter is much the more so and rather tends to strengthen 
the last two hypotheses regarding the origin of the Picacho fissure. 
Additional field evidence, though of rather doubtful value, is 
furnished by the occurrence of two closely spaced, roughly parallel 
cracks underground in the El Tiro mine, Silver Bell, Arizona, some 


20 miles southwest of Picacho and in the path of possible seismic 
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vibrations which may have produced the fissure. These cracks ap- 
peared within the time period in which the Picacho rupture occurred 
and were sufficiently unusual to prompt the mine superintendent, 
Mr. Jack Kevan, to communicate with the writer concerning their 
probable origin. They occurred near an actively used ladderway in 
a small stope connecting the main adit level with stopes being mined 
at some distance above. Of course, it is fully realized that such mine 
cracks may be developed by one or more of several causes, such as 
the settling of weakened blocks of ground due to oxidation or remov- 
al of ore, or vibrations set up by blasting, etc., and all originating 
within the mine and as a result of mining operations. Usually, 
however, such “‘heavy”’ ground is recognized in numerous ways be- 
fore pronounced fracturing or caving takes place, especially so when 
in a position to be observed daily, even if only casually, by many 
miners. In the present case there was no evidence, either before 
or after the appearance of the cracks, to indicate the probability 
of fracturing in this particular ground. It was not possible to ob- 
serve these cracks in other parts of the mine, since no other open- 
ings were in their path, and no similar ruptures could be discovered 
on the surface. 

As the origin of these underground cracks cannot be satisfac- 
torily assigned to any of the ordinary causes due to mine operation, 
and as their time of occurrence and geographic location are favor- 
able, there is at least a suggestion that they and the Picacho fissure 


may have had a common origin. 


CONCLUSIONS 
Inasmuch as the fissure was formed during or shortly after a 
torrential rainstorm, there is some justification for supposing that 
ground-water was a principal factor in its origin. The ground over 
a subsurface drainage channel might, indeed, have become water- 
soaked and softened so that it no longer held in place. However, 
the conditions unfavorable for the formation of underground chan- 
nelways or other cavities in ground of this type, and the absence 
of any evidence indicating that caving had occurred, make difficult 
the acceptance of any theory ascribing the fissure to subsidence. 
A much more acceptable explanation is that the fissure resulted 
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from the fracturing of the underlying rock masses, due to structural 
readjustment between the basin and mountain segments of the area. 
But the fracturing of solid rock structures of this magnitude would 
undoubtedly produce seismic vibrations that would be transmitted 
at least 45 miles and so be recorded on the seismograph at the govern- 
ment observatory at Tucson. Since such a record was not obtained, 
it can be safely argued that no profound tectonic disturbance oc- 
curred in the Picacho area. It cannot be denied, however, that 
structural readjustment of the foregoing order may be in progress 
and that the ruptured superficial deposit is but the first material of 
the disturbed masses to be strained to the breaking point. 

An origin attributable to earthquake vibrations is probably the 
most plausible, in view of the supporting evidence. It is fully real- 
ized, however, that any explanation of the cause of rupture, involv- 
ing vibrations from an earthquake occurring more than 200 miles 
away, is somewhat difficult to accept. Nevertheless, the time of 
origin of the fissure so nearly coincides with the occurrence of the 
distant earthquake that it is quite as difficult not to infer some con- 
nection between them, especially as fracturing of this nature has 
frequently been interpreted as the result of earthquake vibrations. 
Furthermore, such fracturing would no doubt be still more probable, 
if local stress had in some manner previously existed in the structur- 
ally weak alluvial deposit through which the earth waves passed. 

It is therefore concluded that the Picacho fissure was probably 
produced, either directly or indirectly, by seismic vibrations which 
had their origin presumably some 200 miles to the southward, on 
the Sonora coast of the Gulf of California. 
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BASELEVEL 
DOUGLAS W. JOHNSON 
Columbia University 

In a recent article’ Professor Clyde A. Malott presents an inter- 
esting discussion of the significance attached to the term “baselevel”’ 
by different authors during the last quarter century, and proposes 
to distinguish three varieties of baselevel related partially or wholly 
to the pluvial cycle of denudation: 

1. Ultimate baselevel, an imaginary plane representing the final 
limit toward which all denudational processes (marine abrasion is 
specifically included) tend to reduce the lands. This baselevel is 
said to be “‘at sealevel or below.”’ 

2. Local baselevel, an irregular or warped imaginary surface pass- 
ing through all streams reaching the sea which have attained the 
balanced condition represented by the expression “‘graded”’ or “‘at 
grade.’ This baselevel rises higher and higher above sea-level as 
one follows it inland. Its position in areas where streams are un- 
graded is supposed to be determined by projecting inland the pro- 
files of graded streams or portions of streams. Seaward this base- 
level is extended below sea-level, to become identical with ultimate 
baselevel. 

3. Temporary baselevel is not defined as precisely as the other 


“c“ 


two varieties, but is said to be “dependent upon the level of some 
inland barrier, such as hard rock, a lake, or an interior drainage termi- 
nus.” Whether the temporary baselevel is conceived as the surface 
of the barrier itself, as the plane of that surface extended in imagina- 
tion under the adjacent lands, or as an irregular imaginary surface 
passing through the channels of graded streams, debouching at the 
barrier, is not specifically stated. 

Other possible varieties of baselevel, related to the Aeolian and 
glacial cycles, are briefly considered; but attention centers on the 
three which it is proposed to define in some such manner as is in- 
dicated in the foregoing. It is Malott’s belief that Powell in his 

t Clyde A. Malott, “‘Base-Level and Its Varieties,” Indiana University Studies, 


Vol. XV, No. 82 (1928), pp. 37-59. 
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classic definition intended to recognize these three types of baselevel, 


and he makes it clear that he “does not care to make any essential 
changes” in the conceptions of Powell. 

No one can fail to be impressed with the serious consideration 
Malott has given to the fundamental ideas underlying the concep- 
tion of the cycle. If every writer who has used the term “‘baselevel”’ 
had exercised but a fraction of the care in defining it that Malott 
has expended in his analysis of the subject, we would not have to 
record such a wide variety of usage as is set forth in the valuable 
review of the literature with which Malott prefaces his own defini- 
tions and illustrations. Yet the present writer feels that it would 
be most unfortunate for the science of geomorphology if the usages 
proposed by Malott were to make their way into the literature of 
the subject. Certain objections to the proposals, some general, 
others specific, may briefly be summarized. The general objections 
may first be stated: 

a) Malott’s conception of the three types of baselevel seems to 
be based on a misinterpretation of Powell’s definition, and to involve 
wide departures from Powell’s ideas. Powell’s definition is unhappily 
obscure, but as the writer‘understands the text it was not Powell’s 
intention to discriminate local baselevels from temporary baselevels, 
but rather to specify a single class of baselevels which were both 
local and temporary. The reader may better judge of this if, when 
reading Powell’s original text' quoted below, he omits the inter- 
jected parenthetical expression, and keeps in mind the strictly local 
character of the ‘‘series of baselevels’’ formed by the “series of 
temporary dams” described in Powell’s last sentence: 

We may consider the level of the sea to be a grand base level, below which 
the dry lands cannot be eroded; but we may also have, for local and temporary 
purposes, other base levels of erosion, which are the levels of the beds of the 
principal streams which carry away the products of erosion. (I take some lib 
erty in using the term level in this connection, as the action of a running stream 
in wearing its channel ceases, for all practical purposes, before its bed has quite 
reached the level of the lower end of the stream. What I have called the base 
level would, in fact, be an imaginary surface, inclining slightly in all its parts 
toward the lower end of the principal stream draining the area through which the 
level is supposed to extend, or having the inclination of its parts varied in di- 
rection as determined by tributary streams.) Where such a stream crosses a 

tJ. W. Powell, Exploration of the Colorado River of the West (Washington, 1875), 


pp. 203-4. 
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series of rocks in its course, some of which are hard, and others soft, the harder 
beds form a series of temporary dams, above which the corrasion of the channel 
through the softer beds is checked, and thus we may have a series of base levels 
of erosion, below which the rocks on either side of the river, though exceedingly 
friable, cannot be degraded. 


It seems probable, furthermore, that in the parenthetical ex- 
pression Powell had in mind an imaginary surface passing through 
major streams when these were cut as low as possible rather than a 
surface passing through streams which attained the graded condi- 
tion high above sea-level; but since Powell does not make sufficiently 
clear the vital distinction between streams in these two situations, 
there is valid ground for difference in interpreting his meaning. 
There appears, however, no reason to believe that Powell conceived 
of the general or “grand base level’ as lying below sea-level, nor that 
he would extend local baselevel outward from the shore to an ap- 
preciable depth under the sea. 

b) The general assumption on which much of Malott’s argument 
rests, viz., that when a stream attains the graded condition it has 
cut about as low as it can, is at variance with the generally accepted 
view that streams become graded early in maturity while they may 
yet be hundreds or even thousands of feet above sea-level; and that 
they thereafter slowly and imperceptibly yet surely reduce their 
channels, maintaining the graded condition throughout maturity 
and old age. Profiles of streams in the initially graded condition and 
profiles of streams in the ultimate stage of gradation differ markedly 
not only in respect to vertical elevation above sea-level but also in 
respect to form. An imaginary plane in which the former profiles 
lie is very far from the base toward which the streams are working, 
and very far from being level. 

c) The facts that new proposals differ widely from initial con- 
ceptions or definitions, and from long established usage, should not 
of themselves weigh heavily against the adoption of such proposals, 
provided that arguments favorable to the older ideas and usages, 
and arguments unfavorable to the new, are clearly set forth and 
effectively answered. In his essay on ‘‘Baselevel, Grade and Pene- 
plain’’ Davis has presented a number of considerations which 

W. M. Davis, “Baselevel, Grade and Peneplain,” Jour. of Geol., Vol. X (1902), 
pp. 77-111. Also Geographic Essays (New York: Ginn & Co., 1909), pp. 381-412. 
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seemed to justify limitation of Powell’s broad and not wholly clear 
definition of baselevel. Some of these considerations seem to con- 
stitute quite as serious objections to the adoption of Malott’s pro- 
posals as they did to the usages against which they were specifically 
directed. Until they are carefully weighed and answered the grounds 
for adopting Malott’s proposals will not be sufficiently evident. 

Several specific objections to the distinction of the three types of 
baselevels defined by Malott may be added: 

d) The ultimate baselevel as defined confuses fluvial baselevel with 
marine baselevel or wave base. Hence the contradictions in Malott’s 
text, which tells us that it is ‘“‘at sealevel or below,” that “the seas 
cover their (the land’s) sites,” and yet that “‘a measure of its posi- 
tion under the high lands is conceived in a projected sealevel plane.” 

e) Local baselevel as defined is not local, for it extends under all 
the lands draining to the sea; it is not the base toward which lands 
are eroded but a surface originally comparatively high, sometimes 
built higher where streams after becoming graded raise their beds 
to a new level of equilibrium, then progressively lowered as erosion 
proceeds; and it is not level, but extremely irregular, since closely 
adjacent streams may attain grade at widely discordant elevations. 
It is a surface of relatively small significance, and one extremely 
hard to visualize; parts of it must pass through the air above valley 
floors which will not be graded until the streams have built those 
floors up to higher levels. It is a surface which may be rising in some 
places while being lowered in others. It is a surface which at the 
shore must be conceived to drop with comparative suddenness when 
waves cut into the lands. 

f) Temporary baselevel as defined fails to emphasize the relatively 
local character of baselevels determined by lakes, rock barriers, or 
interior basin floors, in contrast to the general baselevel of the sea. 
The temporary character of these baselevels is stressed to the ex- 
clusion of their local extent, the term ‘“‘local” having been reserved 
for something of far more general occurrence (see ein the foregoing). 

Although he is not in agreement with Malott’s conclusions, the 
present writer would like to emphasize the value of Malott’s article 
in provoking thoughtful attention to matters which are not easy to 
visualize, and which therefore quite naturally give rise to conflicting 
views. Perhaps the way would be cleared to a common usage of the 
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term baselevel if geomorphologists could agree on the following 
fundamental principles relating to the fluvial’ cycle: 

One may conceive of several surfaces of reference in a land mass 
suffering fluvial denudation, among which are the following: 

1. A highly irregular imaginary surface, low near the sea, but 
possibly reaching great altitudes inland, passing through all streams 
which have attained the graded condition. Theoretically this surface 
may be extended into ungraded regions, passing through the ground 
below valley floors, or through the air above them, at those eleva- 
tions where it is believed the streams will reach grade. It is this 
surface to which Malott would give the name ‘“‘local baselevel.’’ 
As shown under paragraph e in the foregoing, this surface is difficult 
to visualize, changeable in position, and of no great significance in 
the cycle. It is the profiles of equilibrium of the graded streams, not 
an imaginary surface passing through these ever shifting profiles, 
which have real geomorphic significance. We may profitably continue 
to employ the term “profile of equilibrium”’ or “graded profile” for the 
essentially important part of this conception (the profiles themselves), 
without bothering to name a purely theoretical and elusive surface 
which contributes nothing to our understanding of the fluvial cycle. 

2. A far less irregular, gently undulating, imaginary surface, 
rising slowly from sea-level to very moderate elevations inland, 
passing through the positions which it is assumed streams will oc- 
cupy when they have cut downward to a slope below which denuda- 
tional processes cannot operate. The conception of this surface ap- 
pears to be based on the assumption that, even given unlimited time, 
rains falling on the lands could not reduce them to sea-level. Al- 
though this assumption seems to have met with wide acceptance by 
geologists from the time of Powell’s definition of baselevel to the 
present day, its validity is more than doubtful. 

Conceive of the lowest slope which it is possible to imagine: 
if rain falls upon it, the waters will flow downward to the sea, 
carrying with them some of the constituents of the lands, not only 
material in solution but also extremely minute particles borne in 
suspension. Thus the lands are lowered still farther, to slopes in- 
conceivably faint. Assume, for sake of argument, that the lands 

t Fluvial as here employed is synonymous with “pluvio-fluvial,” i.e., it embraces 


the work of rain and rivers. 
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could become absolutely level, an infinitesimal fraction of an inch 
above sea-level. If rains fall in excess of evaporation, the accumu- 
lating waters will move outward toward the sea, carrying material 
in solution and suspension, and thus still further lowering the lands. 
We must not forget that water will flow on absolutely level surfaces. 
It is the hydraulic slope—the slope of the water surface—and not 
any slope of the surface upon which the water rests, that determines 
whether or not water will move or remain stagnant. If we can 
imagine the lands reduced absolutely to the sea-level plane, the seas 
remaining at the same level and not encroaching upon the land, and 
rain falling on the lands in quantity sufficient to cover them to a 
depth of a few feet, we must realize that this water, seeking its level, 
will spread laterally into the seas, carrying minute quantities of the 
land’s constituents and thus further reducing the land surface. 
Given infinite time, fluvial denudation alone could in such case re- 
duce the lands to a surface slightly below sea-level. It seems rea- 
sonable to suppose, however, that when lands reach sea-level there 
will be no excess of rainfall upon them as compared with the sur- 
rounding oceans, and hence that the sea-level plane will prove the 
limiting surface for fluvial denudation. In any case, there is no such 
thing as a land surface above sea-level too nearly level for water 
to flow across it, or for fluvial denudation to operate upon it. There 
is no “ultimate slope.” 

There are, to be sure, practical limitations of the extent of 
fluvial denudation which must be considered, such as consumption 
of the low land by marine abrasion, possible decrease of rainfall and 
advent of arid conditions with excess of evaporation, changes of 
land level, and other changes which need not be discussed here. 
These, however, relate to alien cycles (marine cycle, Aeolian cycle), 
to interruptions of the fluvial cycle, or to other factors quite in- 
dependent of the theoretically complete cycle of fluvial denudation. 
They are factors which equally constitute practical limitations to 
the formation of the supposed lowest slope on which streams will 
operate. We may therefore dismiss them from consideration in 
a discussion of the ideal fluvial cycle. 

If the foregoing analysis is correct, it necessarily follows that no 
special significance attaches to an imaginary surface passing through 
streams reduced to any particular slope, no matter how faint. Such 
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a surface is indeterminate; it is not related to any precise stage in 
the cycle, but is merely one of an endless series of slopes, some less 
faint, others even more imperceptibly inclined, It is an ever chang- 
ing surface, albeit the changes are imperceptibly slow. To de- 
nominate as ‘‘baselevel”’ a slope which is neither level nor the base 
of fluvial denudation tends toward confusion rather than toward 
clarity. And when it is proposed’ to define as distinct entities “base- 
level’ and “‘the level of baselevel,” neither of which is the base or 
level, one cannot help fearing that the definition has become much 
more difficult to understand than the thing defined. 

3. A third surface of which we may conceive is the sea-level 
surface, extended as an imaginary level plane under all the lands. 
This is presumably the surface Powell had primarily in mind when 
he first defined baselevel, although he does not specifically refer to 
the imaginary extension under the lands of his ‘“‘grand base level 
below which the dry lands cannot be eroded.”’ It is the surface de- 
fined by Davis in his essay on “Baselevel, Grade, and Peneplain” 
as “the level base with respect to which normal subaérial erosion 
proceeds.”’ Gilbert, Russell, Hayes and other thoughtful students 
of geomorphology have recognized the prime importance of this 
surface as the true baselevel of fluvial denudation, and have defined 
it essentially as did Davis. It has real significance as the plane 
above which fluvial denudation of the lands normally continues, 
below which such denudation normally ceases. True, where rivers 
enter the ocean the bottoms of their channels are now below sea- 
level; but careful analysis of the cycle will show that as the lands 
approach sea-level through degradation, the bottoms of stream 
channels will likewise approach this same level through aggrada- 
tion. In any case, such minor departures from the sea-level plane, 
even if permanent, would not affect the vital significance of that 
surface as the primary control plane of fluvial denudation. The 
plane is easy to visualize, and its position is permanent for any given 
relative position of land and sea, whereas the other surfaces we have 
considered vary constantly independently of the positions of land 
and sea. The surface is a limiting base, and it is level; hence in this 

* College Textbook of Geology, Part I, “Geologic Processes and Their Results,” by 
T. C. Chamberlin and R. D. Salisbury, as revised by R. T. Chamberlin and Paul Mac- 
Clintock (New York, 1927), p. 108. 
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case the name correctly describes and defines the thing to which it 


is applied. It is not a mere synonym of sea-level, as Chamberlin and 
Salisbury’ have suggested, for ‘‘sea-level is widely used, often in a 
sense restricting it to the actual domain of the sea, without any 
connotation of a limiting base controlling the extent of land erosion. 
‘“‘Baselevel”’ has implications both as to place and as to rdle which 
the simple term “‘sea-level’’ does not possess. It seems desirable, 
therefore, in the interests of simplicity of conception and clarity of 
expression, to apply the name “‘baselevel’’ to the most significant 
surface with which the geomorphologist has to deal, the sea-level 
surface projected as an imaginary level plane under the lands. 

4. Just as the projected sea-level plane acts as a limiting 
base for fluvial denudation of the lands as a whole, so locally and 
temporarily the projected plane of a lake level, of a rock barrier 
where crossed by a stream, or of some similar controlling feature acts 
as a limiting base for denudation of those lands draining to the con- 
trolling feature. Such an imaginary level plane is significant, for it is 
with respect to it that denudation of the local region (sometimes com- 
paratively large) temporarily proceeds, and land forms reveal 
abundant evidence of such local and temporary control. It there- 
fore seems a simple and logical extension of the baselevel idea to 
speak of imaginary level planes of this type as “temporary local 
baselevels.’’ The usage has received the sanction of able geomor- 
phologists from the days of Powell onward, and to alter it would 
seem most unfortunate. 

5. The limiting plane of marine abrasion (wave base) is well 
recognized by geomorphologists as something wholly distinct and 
apart from the baselevel of fluvial denudation. It relates to a differ 
ent cycle, and occupies a very different position (far below sea- 
level) from baselevel. These two limiting planes should not be con- 
fused by trying to combine them and define them as a single surface. 

Perhaps it is chimerical to hope for ultimate agreement on the 
foregoing five points. But there can be no doubt that substantial 
agreement among geomorphologists in respect to these fundamen- 
tals of the cycle would go far toward eliminating the confusion of 
ideas and terminology which Malott and others have deplored. 

* T, C. Chamberlin and R. D. Salisbury, Geology, Vol. I. ‘‘Geologic Processes and 


Their Results’ (New York, 1904), p. 79. 
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LONG RANGE CORRELATION OF VARVES 
A. P. COLEMAN 
Royal Ontario Museum, Toronto, Canada 
ABSTRACT 

The correlation of events in the Pleistocene on the two sides of the Atlantic is a 
matter of great interest, and the belief that Swedish varves should be comparable with 
\merican varves as recording the retreat of the last ice sheets led Baron de Geer to 
attempt such a correlation. A series of 400 varves at Toronto was found to correspond 
to the extent of 80 per cent with the varves of Sweden, and De Geer deduces from this 
a chronology which dates Niagara Falls as beginning only 9,500 years ago. In this 
article it is shown that the Toronto varves belong to an earlier ice invasion than the last 
one and must be many thousands of years older than those of Sweden. The conclusion 
is drawn that great caution is necessary in correlating varves from widely distant 
regions. 

One of the most outstanding recent advances in the science of 
geology has been the working out of an accurate chronology for the 
last 18,000 years in Sweden by the study of varves formed during 
the retreat of the last ice sheet from northern Europe. This fine 
achievement by Baron Gerard de Geer and his assistants in Scandi- 
navia naturally gives rise to hopes of working out a similar varve 
chronology in other glaciated regions, especially in North America, 
where the recession of the ice sheet might be expected to follow a 
similar course. 

It seemed probable to De Geer, after the Swedish time-scale had 
been established, that the varves of the two regions might corre- 
spond, showing similar variations from year to year, so that the 
two chronologies might be correlated across the north Atlantic. 

To test the matter he, with his wife and two assistants, Liden 
and Antevs, came to America in 1920 and measured varve sections 
in various parts of the eastern states and Canada. Antevs remained 
in America when the others returned to Sweden and has since worked 
out long series of varves in New England and Ontario; and De 
Geer has made use of these results, and also of measurements made 
by Chester A. Reeds in the Hackensack Valley, to fill out the 
materials available for comparison with the Swedish varves. 

Toward the end of 1926 the final result of the comparison was 
published by De Geer in an article entitled ‘On the Solar Curve as 
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Dating the Ice Age, the New York Moraine and Niagara Falls 
through the Swedish Time Scale.’” 

In this article he announced that by the correlation of varves 
from the two regions the date of the beginning of Lake Iroquois and 
of Niagara Falls had been determined. In his own words, 
the Iroquois Beach with certainty is somewhat, but scarcely very much younger 
than some 9,500 years before our time... . . Thus it seems now, at last, possible 
to state that the erosion of the much discussed Niagara Canyon in the reality 
has not taken more than about the fourth part of the 39,000 years suggested 
by the most elaborate estimate based upon the observed actual recession of the 
falls.? 

In 1927 De Geer published an article on “Late Glacial Clay 
Varves in Argentina, Measured by Dr. Carl Caldenius, Dated and 
Connected with the Swedish Time Scale.’* In this he correlates 
varves of southern South America with portions of the varve series 
of Sweden and North America. 

Later he contributed a short article on “‘Geochronology as Based 
on Solar Radiation” to Science, in which he states that 
almost all of the varve series measured in 1920 by the little Swedish expedition 
to North America have been with certainty identified with corresponding series 
of the time scale in Sweden, as illustrated by some examples representing a few 
thousands of years published in the Geografiska Annaler, Stockholm, 1926. 


In another paragraph he adds that 
considering that the distances between Sweden and the other regions are no less 
than 6,000-14,000 Km, the similarity of more than 80 per cent. of the whole 
varve number between the identified varve series is very astonishing but quite 
convincing with respect to the long and uniform succession of varve variations, 
which, naturally enough, have not been possible to connect in more than one 
single way. It is especially noteworthy that this similarity continues century 
after century, thus, as it seems, putting it beyond any doubt that only a real 
identity is able to explain such a considerable sum of similarities. 

Here it must also be emphasized that it was first after many totally vain 
attempts that the striking correspondence was discovered, and then was at once 
found to be continuous over practically the whole of the varve series. 


* Data 9, from Stockholms Hogskolas Geokronol. Inst., Geografiska Annaler (1926), 
H. 4. 

2 [bid., p. 272. 

3 Data 10, from Stockholms Hogskolas Geokronol. Inst., Geografiska Annaler 
(1927), H. 1-2. 

4LXVI, New Series, No. 1715 (November 11, 1927), 458-60. 
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An important part of the varves used for the correlation of the 
North American with the Swedish time-scale came from a section 
at the Don Valley brickyard, Toronto, where about 400 varves 
were measured. These are compared with the Swedish record for 
the years 1070 to 1440, and are represented back to back with them 
in a diagram giving the respective thicknesses of the annual layers 
of clay. 

It is proposed to show in the following article that the position 
occupied by these varves in the succession of Pleistocene deposits 
at Toronto does not correspond to the age given to them in the 
accounts as published. 

It may be well to begin by outlining the subdivisions of the 
Swedish time-scale since the last ice sheet began to retreat. The first 
subdivision, which is called the Daniglacial subepoch, includes the 
recession from the ice border in Germany to the Danish islands. It 
has not been “‘explored as to its length,” since varves have not been 
found in the region covered by this part of the retreat. The second, 
or Gotiglacial, subepoch includes the recession from the Danish 
islands to the central moraines of Sweden. Its events are definitely 
recorded in the varve chronology. The third, or Finiglacial, sub- 
epoch lasted till the end of the Ice Age in Sweden and is completely 
recorded in varves. The fourth, or Postglacial, subepoch includes 
the time since the Finiglacial, and has been approximately deter- 
mined by Liden from lake and fiord sediments as about 8,700 years 
in length. Since the sediments deposited in fiords in recent times 
are still beneath the sea, the final portion of the chronology can only 
be estimated. 

In De Geer’s first article a map is given showing the margin of 
the ice at the beginning of each subepoch in northern Europe. The 
corresponding map for North America omits the first, or Daniglacial, 
ice margin, however. 

In this time-scale the Toronto varves are placed at about 1,000 
years before the end of the Finiglacial subepoch, i.e., nearly at the 
close of the Ice Age as recorded in northern Europe. The Swedish 
varves with which they are correlated were deposited after the ice 
front had receded more than 700 miles from its greatest extension, 
and only a small remnant of ice remained. 
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The corresponding Toronto varves, as interpreted by De Geer, 
were formed after the ice had retreated only 100 miles from the 
known limit of glaciation in New York, and when there still remained 
more than 500 miles of recession before the Labrador glacier dis- 
appeared. 

One cannot help asking if it is likely that the rate of melting 
differed so greatly on the two sides of the Atlantic that the European 
retreat was nearly complete when the North American retreat had 
just begun. Is it not more probable that the retreat to Toronto took 
place in Daniglacial time before any of the Swedish varves were 
deposited? 

The correlation of the Hackensack varves also is improbable. 
Dr. Reeds, who measured them, states that they are only twenty 
miles from the southern limit of glaciation, yet they are made to 
correspond to Swedish varves belonging to the Gotiglacial, or 
second, period of the ice retreat! 

It may be, however, that De Geer believes the ice extended far 
beyond the New York moraine in North America and that the 
Daniglacial stage has been overlooked by our geologists. 

Having shown the relations suggested by De Geer’s comparison 
of North American varves with those of the Swedish time-scale, we 
may now take up the question of the age of the Toronto varves as 
indicated by their position in the known Pleistocene history of the 
region. For this purpose an outline may be given of the series of 
deposits displayed in the Don Section at Toronto. 

The pits of the Don Valley brickyard disclose 80 feet of Ordo- 
vician shale, on which rest 3 feet of early boulder clay, followed by 
36 feet of interglacial beds belonging to the Toronto formation. A 
second sheet of boulder clay of variable thickness covers discon- 
formably the eroded surface of the interglacial beds, and is followed 
by the varves which have been correlated with those of Sweden. 
Including two thin sheets of till, the varves have a thickness of 124 
feet and reach almost the top of the section at the brickyard. The 
very top consists of 2 feet of sandy soil forming a plain over which 
many large boulders of Archean rocks are scattered. 

The plain was cut by the waves of Lake Iroquois and rises about 


25 feet in half a mile toward the northwest, where it énds at a shore 
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cliff from 50 to 75 feet high. At Leaside, not far to the northeast, a 
railway-ballast pit gives a good section of the materials of the cliff. 
Stratified sand forms the lower part, undisturbed for about 15 feet, 
but above this greatly crumpled and sometimes replaced by blue 
till. The upper part consists of sandy till enclosing boulders like 
those scattered over the Iroquois terrace at the brickyard. 

A tunnel for a trunk sewer, driven beneath the shore cliff at 
Leaside, passed through varved clay similar to that at the brickyard, 
and there can be no doubt that the varves studied by De Geer’s 
party were formed long before the end of the Ice Age, since they were 
buried under 50 feet of till during the last advance. At a later time 
Lake Iroquois came into existence and carved its shores in these 
deposits. 

Lake Iroquois was a glacial lake, dammed by ice at its eastern 
end, but no varves have been found in its deposits, which in the 
loronto region consist of sand and gravel reaching in places a thick- 
ness of 100 feet. Toronto is more than 100 miles from the site of the 
ice dam, and it seems that the mud from the melting ice front did 
not extend so far." 

A geologist unfamiliar with the Pleistocene sections near Toronto 
might not unnaturally interpret the varves at the brickyard as re- 
cording the last retreat of the ice from the region, though in reality 
they belong to an earlier period. They may have been formed during 
the advance of the Wisconsin ice, since there must have been a 
glacial lake in the Ontario basin when the Wisconsin sheet reached 
it during its spread southwestward. They may belong, however, to 
an earlier glaciation, perhaps the Illinoian. In any case these varves 
are far more ancient than Lake Iroquois, which carved its shore in 
glacial deposits overlying them, and which was itself the last of the 
glacial lakes of the region. 

This conclusion gives rise to a very puzzling problem. How could 
a set of ancient varves, representing hundreds of years of deposit, 
be correlated with varves formed many thousands of years later? 

There are undoubtedly varves of at least two widely separated 
ages in the Toronto region, and the idea has occurred to me that the 
varves in Sweden might also include an older set which had been 


‘ Troquois Beach in Ontario, Bull. Geol. Soc. Am., XV (1904), 347-68. 
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reckoned in with the varves formed in the final ice retreat; so that 
the correlation might be right after all. 

Since this was written an article “On the So-called Gothiglacial 
Limit in Denmark,” by V. Milthers,' has arrived, suggesting a 
similar idea for sets of varves in Denmark. 

Beds from localities regionally closely related .... are according to the 
varve measurements separated by a period of some 3,000 years. On comparing 
the chronology of the new publication with the results from before 1918... . 
we find that strata then regarded as uniform in point of age... . are here 
placed about 3,700 years apart. 

Is it possible, on the other hand, that the curve of solar changes 
has a long range rhythm which is repeated at intervals of thousands 
of years—a cycle covering many times the thirty-five-year sunspot 
period? Should one expect to find an 80 per cent resemblance be- 
tween sequences of varves thousands of years apart? 

One naturally asks also if the annual variations in climate are 
really so closely alike in countries separated by thousands of miles 
that an 80 per cent resemblance can be traced between them. This 
seems to me very doubtful when Toronto and Stockholm are com- 
pared under present conditions. 

Since the advance or retreat of a glacier depends on two main 
factors, the amount of snowfall and the amount of melting during 
the summer months, it is desirable to compare the two regions as to 
precipitation and as to summer temperatures. For the present pur- 
pose the variation from the mean of these two factors is the important 
feature. When precipitation is above or below the average at 
Stockholm, does Toronto show similar variations; and when the 
three summer months are warmer or colder than usual at the one 
place, do they vary in the same direction at the other place? 

Through the courtesy of Sir Frederick Stupart, director of the 
Meteorological Service of Canada, statistics of the precipitation and 
of the summer temperatures of the Stockholm district and of 
Toronto have been looked up, and curves have been worked out 
showing the variations above or below the average precipitation and 
summer temperature for the two places during the last twenty-five 
years. Earlier statistics for Sweden were not within reach. 


1 Geografiska Annaler (1927), H. 3, p. 170. 
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The curves for precipitation show that in thirteen out of the 
twenty-five years the variations were opposite in character, the one 
having an excess and the other a deficiency as compared with the 
respective means. The variations are in the same direction in twelve 
years, less than 50 per cent. 

The curves for the temperature of June, July, and August show 
about 60 per cent of agreement. 

It would have been more satisfactory if the variations could have 
been compared for a longer series of years; but one can safely say 
that in the last quarter-century there has been very much less than 
So per cent of similarity between the two regions in the climatic ups 
and downs. 

At the present time the variations in precipitation and summer 
temperature in Sweden and in southern Ontario are not sufficiently 
ike to justify their correlation across the Atlantic. May one sup- 
pose that they were in accord to the extent of 80 per cent during the 
retreat of the Scandinavian and Labrador ice sheets? This seems to 
me highly improbable. 

The question of the correlation of outstanding climatic events 
on the two sides of the Atlantic is very interestingly discussed by 
\ntevs, who states “that fairly well marked climatic changes have 
taken place contemporaneously in North America and in Northern 
Europe seems to be proved’’; but who does not attempt to correlate 
varve series in the two regions.’ His suggestions are in accord with 
the views given in this article. 

In conclusion it seems to the present writer that the correlation 
of the Toronto varve series with Swedish varves of a much later 
date proves that even experienced students of the subject may be led 
astray in the interpretation of similarities in the thickness of these 
stratified glacial clays, so that great caution should be exercised in 
correlating varve series from widely separated points. 

* Geol. Sur. Can. Mem. 146 (1925), pp. 83-94; also Swedish Late Quaternary 
Geochronologies, Geogr. Review, XV, No. 2 £1925), 280-84. 
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THE PROTOLOPH-ECTOLOPH ANGLE AND ITS CORRELA- 
TION WITH THE GEOLOGIC HORIZON OF FIVE 
GENERA OF NORTH AMERICAN EQUIDAE 
J. WILLIS STOVALL 
University of Chicago 
ABSTRACT 

A study of five genera of Oligocene, Miocene, and Pliocene Equidae of North 
America seems to show that the angle formed between the ectoloph and the protoloph 
can be correlated with the geologic age in which the animal in question lived, and that 
the angle becomes progressively smaller. 

The dentition of the fossil horses is more fully understood than 
any other part of their remains. Owing to better preservation and 
greater numbers, the teeth lead all other structures as diagnostic 
features in the identification of species and genera. Nevertheless, 
the value of quantitative methods needs some emphasis. 

In studying the dentition of the North American Equidae, the 
writer observed that the angle formed between an axis parallel to 
the center of the protocone-protoconule and a line parallel to the 
ectoloph, measured along the anterior and posterior cusps on the 
external side of the upper premolars and molars, shows considerable 
variation between the earlier and later forms. In general, it was 
found that the earlier forms had the larger angle. After this dis- 
covery, measurements were taken in a systematic way to determine 
the correlation, if any, between this angle and the geologic age in 
which the animal in question lived. 

Briefly, the measurements were made in the following manner, 
as illustrated in Figure 1: Let the line AB, the edge of a goniometer, 
parallel the outer face of the anterior and posterior external cusps 
of the upper molars. (Because they are less variable, only the molars 
are used in making the measurements. Where possible, the average 
of the whole series is taken.) Next, rotate the arm of the goniometer 
until the hair line falls parallel to the longitudinal axis of the proto- 
cone and protoconule, here represented by the line BC. The interior 
angle ABC is the one under consideration. 
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There are two main sources of error in taking the measurements. 
One is due to the wear on the grinding surfaces of the teeth and the 
attendant change of surface configuration between that of a young 
and an old animal. The other is in the relation of the protoconule 
to the protocone. In the earlier horses there is no union of protocone 
and protoconule, but by lower Miocene time the formation of the 
protoloph from the protocone and protoconule was complete. Subse- 
quently, the protocone became separated from the protoconule. In 
the forms in which this separation has taken place, the measurements 




















Fic. 1.—A figure illustrating the method of measuring the protoloph-ectoloph 


angle of North American Equidae. 


are made along the main axis of the protocone without consideration 
of the protoconule. If these two facts are borne in mind, the ‘‘per- 
sonal-equation”’ errors are not serious. At the request of the writer 
a student in paleontology, who was not especially interested in the 
problem, made some measurements of the protoloph-ectoloph angle 
of species which were unknown to him but known to the writer. Ina 
very few minutes he had correctly made the identifications and 
placed the species in their approximate geologic horizons, using only 
the angle as a guide. 


The superior molars were measured in sixty-eight species, figures 
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of which may be found in Osborn’s' memoirs on the Oligocene, 
Miocene, and Pliocene horses of North America. 

Lower Oligocene: Mesohippus celer Marsh, 53; M. westoni Cope, 
58: M. latidens Douglass, 57: M. montanensis Osborn, 37; M.? 
portentus Douglass, 41; M. hypostylus Osborn, 47; M. proteulophus 
Osborn, 46; M. praecocidens Lambe, 55; M. propinquus Lambe, 59; 
M. stenolophus Lambe, 46; M. planidens Lambe, 41; M.assiniboiensis 
Lambe, 40. Middle Oligocene: Mesohippus bairdii Leidy, 47; M. 
trigonostylus Osborn, 45; M. obliquidens Osborn, 32; M. eulophus 
Osborn, 43. Upper Oligocene: Miohippus meteulophus Osborn, 38; 
M. brachystylus Osborn, 36; M. intermedius Osborn, 45: M. validus 
Osborn, 36; M. gidleyi Osborn, 43; M. crassicuspis Osborn, 35; M. 
anceps Marsh, 47; M. equiceps Marsh, 42; M. brachylophus Cope, 30; 
M. primus Osborn, 45; M. quartus Osborn, 39; M. acutidens Sinclair, 
38; M. equinanus Osborn, 40; M. gemmarosae Osborn, 43. Lower 
Miocene: Parahippus pristinus Osborn, 38; P. tyleri Loomis, 40; 
P. nebrascensis Peterson, 40; P. nebrascensis primus Osborn, 35. 
Middle Miocene: Parahippus taxus Douglass, 45; P. texanus Leidy, 
40; P. avus Marsh, 43; Merychippus relictus Cope, 31; M. seversus 
Cope, 32; M. isonesus quintus Osborn, 33; M. isonesus primus 
Osborn, 31; M. isonesus secundus Osborn, 31; M. itsonesus tertius 
Osborn, 32; M. sejunctus Cope, 32; M. campestris Cope, 29; M. 
proparvulus Osborn, 25; M. missouriensis Douglass, 29. Upper 
Miocene: Parahippus brevidens Marsh, 32; P. crenidens Scott, 33; 
P. pawniensis Gidley, 25; P. coloradensis Gidley, 32; P. leonensis 
Sellards, 33; P. cognatus Leidy, 31; Merychippus sumani Merriam, 
28; M. intermontanus Merriam, 35; M. californicus Merriam, 34; 
Protohippus perditus Leidy, 19; P. placidus Leidy, 25; P. parvulus 
Marsh, 25; P. simus Gidley, 27; P. pachyops Cope, 22; P. tehonensis 
Merriam, 23; P. proplacidus Osborn, 23. Pliocene: Merychippus re- 
publicanus Osborn, 28; M. patruus Osborn, 27; Protohippus castilli 
Cope, 25; P. perditus secundus Osborn, 22. 

These measurements may be summarized as given in Table I, 
which shows: 

*H. F. Osborn, “Eguidae of the Oligocene, Miocene, and Pliocene of North 


America,” Memoirs of the American Museum of Natural History, Vol. 11, Part I (May, 


IQ19d). 
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1. That the protoloph-ectoloph angles for the various genera are 
directly related to their phylogenetic position, the more primitive 
genera having the larger angle. The angle in each of the five studied, 
which probably form a true phyletic series, was: Mesohippus, 45°; 
Miohippus, 40 ; Parahippus, 37°; Merychippus, 30°; Protohippus, 23. 

2. That the average angle of all the horses of an epoch is directly 
related to their position in the geologic column, the horses of the 


earlier times having larger angles. 


TABLE I 
Average Average 
Epochs Genera Angle for Angle for 
Each Genus Epochs 
» . >> >= 
Pliocene : rotohippe ros — 
Merychippus 27 
Protohippus 23 
Upper Merychippus 32 29 
Parahippus 33 
Miocene Middle Merychippus 31 37 
Parahippus 43 
Lower Parahippus 30 383 
Miohippus 35 
Upper Miohippus 40 40 
Oligocene Middle Mesohippus 43 43 
Lower Mesohippus 47 47 


3. That the later members of each genus in general have smaller 
angles. For example, Mesohippus celar of the Lower Oligocene has 
an angle of 53°, while M. obliquidens of the Middle Miocene has an 
angle of 32°. 

4. That the more closely the species are related, the less the 
difference in the angle. Mesohippus westoni, said by Osborn to be 
one of the most primitive of the Oligocene horses, has a protoloph- 
ectoloph angle of 58°; whereas M. latidens, which is not only similar 
in morphological features but is closely associated in time and place, 
has an angle of 57°. 

There are several exceptions to the general rule that the later 
species have the smallest angle. Some of these exceptions may be 
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accounted for by individual variation, by mutation, by insufficient 
data, or by improper correlation of faunal horizons. For example, 
the writer believes Protohippus perditus secundus (22°) and P. simus 
(27°) to be mutations from horses which were ancestral to the 
perditus species. These two and a few other species have larger 
angles than some of their earlier relatives because they carried that 
feature over from more primitive ancestors. Some of the discrepan- 
cies in the size of the angle will be found to be only apparent when 
a large number of tooth-angles have been measured. In some of the 
foregoing cases the measurement was based upon a single tooth. 
However, to make this method more useful, it would be desirable to 
measure and catalogue, as far as possible, the entire molar series of 
all genera and species to which such methods of identification are 
applicable. Probably this method can also be applied to still earlier 
forms of horses. Eohippus, for example, shows protocone-ectoloph 
angle of 60° or more in those individuals measured, but it was not 
included in this paper for lack of sufficient data. Furthermore, it is 
probable that not only could a similar form of measurement be de- 
vised for other perissodactyl families, but the general method might 
be extended to the study of many other groups of mammals as well. 

The writer is grateful to Professor R. S. Lull for the privilege of 
studying the excellent collection of fossil horse teeth at Peabody 
Museum, Yale University. Thanks are also due Dr. Malcolm Thorp, 
of that institution, to Dr. Gaylord Simpson, of the American 
Museum of Natural History, New York City, and especially to Dr. 
Alfred S. Romer, of the University of Chicago, for criticizing th« 


manuscript. 








Sop PET MR POI na Pe! 


oy 


ae 


Ps TN UNIT RE 





Mas. ee 














See 


REVIEWS 


Old Mother Earth. By KirtLtey F. MATHER. Cambridge: Harvard 
University Press, 1928. Pp. 177; figs. 61. 

Fifteen charming essays, notable for their clear, crisp literary style 
and skillful presentation of scientific material, make up this little volume. 
Though originally prepared for broadcasting from one of the Boston 
radio stations, they treat such complex subjects as ‘How the World Was 
Made,” ‘The Origin of Life,” ‘““The Path of Life,” “The Evolution of 
Mankind,” “Geology and Genesis,” ““‘What Caused the Great Ice Age,” 
ind “How Mountains Are Made.” The teacher of geology will appreciate 
them as models of presentation while enjoying thoroughly their content. 

Where the author has had to face differences of opinion on funda- 
mental questions, he has, in general, followed the safe method of present- 
ing alternative views without revealing his own preferences. This excel- 
lent procedure, however, sometimes leads one astray. For example, as 
the planetesimal hypothesis and the recent variations of it by Jeans and 
Jeffreys are carried along together, it is implied that the theory of the 
origin of life adopted in this volume will be much the same for both. Such, 
however, is not the case. The adopted picture of possible conditions which 
may have led to the beginning of life on the globe was a by-product of the 
reviewer's doctor’s thesis. It was developed definitely as an integral part 
of the general earth philosophy growing out of the planetesimal hypoth- 
esis' and is impossible if one follows the molten-globe hypothesis. A solidi- 
fying molten globe would have given rise to ordinary igneous rocks, and the 
peculiar unstable carbides, phosphides, nitrides, etc., which the reviewer 
made the basis for the transition from the inorganic to the organic, would 
not have formed. Occasional meteorites falling later would be too in- 
frequent and scattered to afford the favorable condition for the organic 
synthesis pictured under the planetesimal hypothesis. It seems regret- 
table that so much of the planetesimal hypothesis and general earth 
philosophy resulting from it should be doing service under other colors 


and in extraneous settings. 


' See “‘Early Terrestrial Conditions That May Have Favored Organic Synthesis,” 
- J & e , 


Science, XXVIII (1908), 897-911. 
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